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PREFACE 


This book combines the advantages of both the textbook and the so-called 
review book. As a textbook it can stand alone, because it contains enough descrip- 
tive material to make additional references unnecessary. And in the direct manner 
characteristic of the review book, it has hundreds of completely solved problems that 
amplify and distill basic theory and methods. It is my intention that this book serve 
equally well as a basic text for an introductory course, and as a collateral problem- 
solving manual for the electrical engineering student at the junior- or senior-level, 
who has had a course in circuit theory. It is also a useful supplement for the student 
taking advanced courses in related areas that require a knowledge of transistors. 
The analysis and design problems should benefit professional engineers encountering 
transistors for the first time. 


Although the principles of transistor circuit design and analysis are developed 
in an academic manner, a practical emphasis is maintained throughout; i.e., the stu- 
dent is shown how to “size up” a problem physically, and to estimate the approximate 
magnitudes of such parameters as quiescent operating point, impedances, gain, etc. 
Moreover, a scrupulous effort is made in the solved problems to keep sight of under- 
lying analytical and physical principles, thereby establishing a strong background 
for the practical problems that arise in the analysis and design of circuits. 


New concepts, definitions, and important results are tinted in grey throughout 
the text. The solved problems are generally comprehensive, and incorporate numerous 
applications. Supplementary problems are included not only for exercise but also to 
strengthen the skill and insight necessary for the analysis and design of circuits. 


After a preliminary discussion of semiconductor principles in Chap. 1, a com- 
plete chapter is devoted to graphical analysis of semiconductor circuits. Thus the 
foundation is laid for succeeding chapters on small- and large-signal parameters. 
Nonlinearities, in particular, are easily investigated by means of the graph- 
ical methods described. 


Chapter 3 provides a thorough coverage of the small-signal equivalent circuit, 
with emphasis on the tee-equivalent and hybrid configurations. The hybrid-x circuit 
is introduced in connection with the high-frequency limitations of transistor behavior. 


Chapter 4 presents a variety of bias circuit configurations, including leakage 
effects, stability factors, temperature errors, and methods of bias stabilization. 


Chapter 5 establishes the basic formulae for the small-signal amplifier. Multi- 
stage amplifiers, together with various feedback circuits, are considered in Chap. 6. 
Power amplifiers, both single-ended and push-pull, are covered in Chap. 7. 


Chapter 8 rounds out much of the material on feedback developed in earlier 
chapters, and investigates the operational amplifier and the stability of high-gain 
feedback amplifiers by Nyquist and Bode techniques. 


The appendices provide a convenient reference to transistor characteristics, 
important formulae, asymptotic plotting, and distortion calculations. 


I am deeply grateful to Mr. Sidney Davis, who made important contributions 
to both the first and second editions in organizing the problems, unifying the nota- 
tion, and commenting on the contents as a whole. I also wish to acknowledge the 
editorial efforts of Raj Mehra of Simon & Schuster, Inc., towards the revision of the 
first edition. 


Alfred D. Gronner 
White Plains, New York 
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CHAPTER 


SEMICONDUCTOR 
PHYSICS AND DEVICES 


1.1 Basic Semiconductor Theory 
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Fig. 1.1 Models of (a) germanium and (b) silicon atoms, and their simplified 


representations. 
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Fig. 1.2 Comparison of energy gaps 
between valence and conduction 
bands for (a) conductors, (b) semi- 
conductors, and (c) insulators. 
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Fig. 1.3 The generation of mobile electron-hole pairs due to thermal agitation in a 
germanium crystal shown two-dimensionally. 


PROBLEM 1.2 Why does the conductivity of a semiconductor increase, rather 
than decrease with temperature, as does the conductivity of a metal? 


Solution: As temperature increases in a semiconductor, the number of electron- 
hole pairs generated by thermal agitation increases. The liberated electrons and 
holes are current carriers, and thus provide increasing conductivity. 

But at very high temperatures, when sufficiently large numbers of free elec- 
trons and holes are generated, collisions tend to increase resistance by reducing 
the average speed of the current carriers, 


1.2 Effects of Impurities 


+ 


Positive ions 


Negative ions 


Free holes 


on O® 


‘Free electrons 


Fig. 1.4 Movement of electrons 
and holes in two types of semi- 
conductors. 
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Fig. 1.5 Effect of impurities on pure germanium crystals. (a) Donor impurity provides 
mobile electrons. The positively-charged atoms are not free to move. (b) Acceptor 
impurity provides mobile holes. The negatively-charged atoms are not free to move. 
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PROBLEM 1.4 Would you expect minority carrier current flow in response to an 
applied voltage? , 

Solution: Minority carrier flow occurs in response to an applied voltage since it 
is a current carrier. Majority carrier flow, however, is predominant, except at 
high temperatures where thermal ly-generated electron-hole pairs lead to a higher 
proportion of minority carriers. 


1.3. The p-n Junction 
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Fig. 1.6 A p-n junction. (a) lonized 

regions on each side of the junction 

form a depletion layer. (b) As a re- 

sult of the depletion layer, a contact 

potential, represented symbolically 

by a battery, is established across 
the junction. 
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(c) 


Fig. 1.7 (a) Unenergized p-n junc- 
tion. (b) The effect on thep-n junc- 
tion of application of forward bias. : ’ : oe eo oe ie oF . 
(c) When the battery connections : one a : a ao : es 
are reversed, the electrons and ; 
holes are drawn away from the 
p-n junction. 
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breakdown ay —I | for Ge 


I=I,(e*™ -1) 


(a) 


VR 
PROBLEM 1.5 Explain the flat character of the saturation current of the p-n 
junction. 
Solution: The reverse current is dependent on the number of minority carriers in (b) 


the semiconductor crystal. When a few tenths of a volt reverse voltage is applied, 

all the thermally-generated minority carriers are swept across the junction. Re- 

verse current is limited by the number of available minority carriers. a p-n junction. (a) The magnitudes 
The saturation or reverse leakage current increases sharply with temperature = ied et ee eats 

(Fig. 1.9).. As a very approximate rule of thumb, this leakage component doubles : we ee. swing ips Gale 

for every 10°C increase in temperature. characteristic. 


Fig. 1.8 Current vs. voltage across 


Fig. 1.10 Comparing silicon and 

germanium diode characteristics. 

Note the modified scales for plus 

and minus ordinates. Voltages 

Vrg and Vgsg are forward volt- 

ages caused primarily by the po- 
tential barriers. 
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Fig. 1.9 Typical variation of J, with temperature for germanium and 
silicon diodes. 
PROBLEM 1.6 Would you expect germanium or silicon to have the greater value 
of reverse leakage? Why? 


Solution: Since reverse leakage is predominantly due to minority carriers gen- 
erated by thermal agitation, it is evident that germanium, with its lower energy 
gap (0.72 ev for Ge compared to 1.1 ev for Si) between valence and excited elec- 
tron states, would have the greater leakage. The greater energy gap of silicon 
allows it to be used at much higher temperatures (to 150°C approximately) than 
germanium, whose maximum junction temperature is slightly above 100°C. 


PROBLEM 1.7 Sketch a curve similar to Fig. 1.8a, roughly comparing a silicon 
and a germanium diode. How does the width of the energy gap affect diode 
characteristics? 


Solution: Figure 1.10 provides the required sketch. In the forward direction, 
more voltage is required to overcome the barrier potential (related to the energy 
gap) for silicon. In the reverse direction, the tighter covalent bonds mean greater 
crystal breakdown voltages. The saturation current, as previously discussed, is 
higher for germanium. Note the different scales in the forward and reverse 
directions. 
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PROBLEM 1.9 At room temperature, find the incremental resistance r; as a 
function of I. Introduce numerical values for k, T, and q. 


Solution: Room temperature, 25°C, corresponds to 273 + 25°C = 298°K. Substi- 
tute in (1.10) using numerical values for k and q: 


= O, (1.11) 


where I is in milliamperes. 


PROBLEM 1.10 What is the incremental resistance of a forward conducting p-n 
junction with 2 ma current? 


Solution: Substitute in (1.11): 


2 : 75° 50° 25° 0° 


PROBLEM 1.11 If forward diode resistance r; is 13 2 at 25°C and 2 ma, what 
is the resistance at 125°C and 2 ma? Tr, 


Solution: Refer to (1.10) in which rt; is directly proportional to absolute | 


temperature: - 


~ 


273 + 125 


398 
- 13) = 228 (13) = 17.40. 
Thaasce = “9734.95 (19) = p03 C9 


Fig. 1.11 Family of forward diode 
characteristics for different tem- 
peratures. At I = Ip,, 9 constant 
forward current, the curves are ap- 
proximately uniformly spaced for 
equal temperature increments. 


PROBLEM 1.12 A diode has a forward drop of 0.6 v at 10 ma where the tem- 
perature is 25°C. If current is held constant, what is the forward drop at 125°C? 


t— V (Reverse bias) 


—.(juUa1IND a6 oyDa>4) J— 


Fig. 1.12 Leakage components in a 

semiconductor: I, = saturation com- 

ponent due to minority carriers, I; = 

surface leakage component, I, 7 = 
total leakage. 
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Approximately what additional voltage is required at 125°C to increase current 
to 12 ma? 


Solution: At 125°C and constant current, the diode forward drop decreases by 
(2.5 mv/°C) x 100 = 250 mv. The forward drop at high temperature is now only 
0.350 v. 

Using the method of Prob. 1.11, r= 3.50. The additional voltage corre- 
sponding to a current increment of 2 ma is 


AV =r, Al = 3.5 x 2x 107° = 0.007 v. 


There is a 7 mv increase in voltage. 


PROBLEM 1.13 A germanium diode has a saturation leakage of 200 pa at 25°C. 
Find the corresponding leakage component at 75°C, 


Solution: From Fig. 1.9, it is estimated that the leakage increases over the 
temperature range by a ratio of 20:1. The high temperature leakage is therefore 
4 ma. 


PROBLEM 1.14 A silicon diode has a saturation leakage of 10 wa at 25°C. 
Find the corresponding leakage components at 75°C and 125°C, 


Solution: Again refer to Fig. 1.9. The leakage increase ratio is about 6: 1, 
leading to a 60 wa leakage at 75°C. At 125°C, leakage becomes 40x 10= 400 pa. 


PROBLEM 1.15 A silicon diode operates at a reverse voltage of 10 v and has 
a total leakage of 50a. At 40 v, the leakage is 80a. Find the leakage re- 
sistance R,; and the leakage currents. 


Solution: The total leakage consists of a voltage-independent component [,, 
and a surface leakage component I, : 


Ipr=l,t+l,, 


50 pa=1,+ 20, (1. 12a) 
Ry 

Syect, 4 2, (1.12b) 
Ry 


where R, equals the equivalent resistance corresponding to surface leakage. 
Now subtract (1.12a) from (1.12b) and solve for Rr: 
jas 2? Ree aa 
R, 30 
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Thus I,7 =1, + V/1™MQ where V is the applied reverse voltage. We then 
solve for 1, as follows: 


10 


a ae IT, = 40 pa. 


The final expression is 
I, = (40+ V) ua. 100 0 


The 40 »a component varies sharply with temperature, as previously discussed. 


Increased 
temperature 


Forward 
characteristic 


PROBLEM 1.16 A diode breaks down under a reverse voltage of 40 v. A 60 Vv 
battery is applied to the diode through a 1000 © resistor. Find the power dissi- (b) 


pation at the junction. Fig. 1.13 Graphical solution of 


Solution: The diode drop is 40 v, leaving a 20 v drop across the resistor. The Pree ede; 


current, by Ohm’s law, is 20/1000 = 20 ma. The p-n junction dissipation is 40 v x 
20 ma = 0.8 w. 


PROBLEM 1.17 A diode is in series with a 100 0 resistor and a 2 v battery 
(Fig. 1.13a). Find the circuit current and show, qualitatively, the effect of in- 
creased temperature. * 


Solution: The problem is easily solved by superimposing a load line corre- 
sponding to the 100 ( resistor on the diode forward characteristic. The graphi- 
cal solution of Fig. 1.13a, as shown in Fig. 1.13b, is much easier to obtain than 
an analytical solution based on (1.7). The load line is drawn with a slope of 
magnitude 2v/20 ma = 100 Q. The load line intersects the diode characteristic at 
point P, which is the operating point. From the curve it is estimated that the 
diode voltage = 0.6 v and diode current = 14 ma. At higher temperatures, the char- 
acteristic curve shifts to the left and the operating point is located at P’ 


V (forward bias) —— 


Fig. 1.14 Forward characteristic of 
diode approximated by two-line seg- 
ments (piecewise linear approxima- 
tion). The equivalent model isa bat- 
tery in series with Vp, as long as 
there is substantial forward 
conduction. 


*In this and the following problems, the diode is operated as a forward-biased device, 


I, ma — 


0.184 0.210 


V, volt —» 26mv 


(a) 


10Q 
+ 
0.5v 
(b) 
0.184v 
10Q i 

+ 26 mv 
——0.5 Vv 10ma 


(c) 


Fig. 1.15 Solution to Prob. 1.18. 
(a) Diode characteristics, (b) cir- 
evit, and (c) equivalent model. 


.f 
Ambient 
tem arid ture 


I,ma—> 


‘ 
i 
‘ 
4 
i 
‘ 


0.134 0.184 0.210 
V, volt —m 
Fig. 1.16 Idealized diode charac- 


teristic showing effect of 20°C 
rise in temperature. 


12 Transistor Circuit Analysis 


PROBLEM 1.18 A diode having the characteristics of Fig. 1.15a is energized 
as shown in Fig. 1.15b. Calculate the forward current. 


Solution: The diode equivalent circuit used to calculate the current is given in 
Fig. 1.15c. Current is (0.5 - 0.184)/(10 + 2.6) = 25 ma. This analysis may be 
compared with the graphical method of Fig. 1.13. 


PROBLEM 1.19 In Prob. 1.18, show the effect of a 20°C rise in temperature. 


Solution: A 20°C rise in temperature means a 50 mv (20°C x 2.5 mv/°C) shift 
to the left in the diode forward characteristic. This is shown in Fig. 1.16 as a 
shift in the idealized characteristic. The high temperature current is 


0.5 — 0.134 


= 29 ma. 
10 + 2.6 


Actually, r; is somewhat reduced at this higher current, but the error in neglect- 
ing this is small. 


PROBLEM 1.20 A germanium diode, for which saturation current T, = 10 pa, 
is conducting 2 ma at room temperature. What is the forward voltage drop? 


Solution: Use the diode equation (1.7) and solve for voltage drop. We have 


iy 
T=1,(e*? - 1), [1.7] 
Substituting numerical values, 
rial AS Vv 
2x 10° = 10*[e%-926 _ 4] or 199 x 10% = e 9-926, 
Taking the natural logarithm of both sides, 
oN 25.31), VS 5.31K0:006 0:14 y, 
0.026 


PROBLEM 1.21 A diode with 10 ya saturation current is in series with a 100 Q 
resistor. What current is developed with an applied voltage of 0.220 v? 


Solution: The problem is solved by trial and error. Assume a series of values 
for V, the voltage across the diode itself, typically between 0.1 v and 0.2v. Let 
kT/q= 0.026v. Compute / using (1.7). To the IR drop across the 100 2 resistor, 
add the assumed V to establish a figure for applied voltage. Interpolate (perhaps 
graphically) to find where the calculated applied voltage equals the actual ap- 
plied 220 mv. This occurs for J = 1 ma, with a 120 mv drop across the diode. 
(Problems of this kind are very well suited for solution on a digital computer.) 


PROBLEM 1.22 In the preceding problem, what is the applied voltage for a 


22 ma current? 


Solution: The solution to this problem is direct. The IR drop is 2.2v. Since 
I and I, are known, the diode equation is readily solved for diode voltage, 0.2 v, 
corresponding to a total applied voltage of 2.4 v. 


1.4 The Transistor 
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R, 


(c) 


Fig..1.17 Juxtaposition of two p-n 
junctions to make a transistor. (a) 
Junction J, is forward-biased, (b) 
junction J, is reverse-biased, and 
(c) an n-p-n junction transistor. 


n p 


(a) n-p-n (b) p-n-p 


Fig. 1.18 A junction transistor showing flow of currents in normal amplifier operation. 


Vee 


Fig. 1.19 Common-base connection of a p-n-p transistor. Lower case letters 
represent smal!-signal components of voltage and current superimposed on 
steady d-c bias components. 
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collector current equals 0.98 x 2 = 1.96 ma. 
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PROBLEM 1.27 A transistor has a § of 60. Find a. 
Solution: Start with the equation B = @/(1 — @). Solve for a: 


B-aB, 


=P 
Tae (1.17) 


a 


Substitute B = 60, and solve for a: 


ee = 0.984. 


61 


a 


The point may be estimated from the curve of Fig. 1.20 as a = 0.98. 


1.5 The Ebers-Moll Model of the Transistor 
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Emitter, Base, Collector, 
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VeB Ig Ves 
E — —_— Cc 
Tr Te 
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Fig. 1.21 (a) Representation of 
n-p-n transistor showing stan- 
dard polarities of voltages and 
currents. (b) Alternate represen- 
tation of n-p-n transistor. 
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~TER=Orlcr Orlger=—Icr 
E Cc 
ler Tor 
= : 


Fig. 1.22 The Ebers-Moll model of the transistor. 
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B 
Fig. 1.23 Ebers-Mol! model with forward-biased emitter Fig. 1.24 Simplified tee-model with equivalent repre- 
junction and reverse-biased collector junction. sentation of emitter diode. 


B 


Fig. 1.25 Equivalent tee-circuit 
with leakage current omitted. 
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B 


Fig. 1.26 More accurate equivalent 
tee-circuit for the common-base 
connection. 


Hoe: ea eg ay 


nsistor circuits, 


Common-collector or emitter- 


Common-base connection follower connection 


[o=QIp 


(a) 
(c) 


Fig. 1.27 Common circuit configurations for the p-n-p transistor. For the above, Ip =Ip +Ig, 6=I¢/Ig, B=Ic/Ig. 
The circuits are simplified. Bias and load resistors are not shown. 


Vep ry 
Common-base connection Common-emitter connection Ves = Vee 
(a) (b) Common-collector or emitter- 


follower connection 
(c) 


Fig. 1.28 Basic transistor circuits using an n-p-n transistor. 
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1 
6 y 6ma 
5 f 5 ma 
{ f 4ma 
o 4 
E f 3 ma 
o 3 
a | 2ma 
2 
1 | l ma 
| TcBo Ip =0 
0 5 10 15 20 25 30 «35 40 {_pe— 
Vog, volt ———m 
(a) tb) 


Fig. 1.29 Common-base (a) output and (b) input characteristic curves. 


1.7 Transistor Leakage Currents 
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Fig. 1.30 Leakage components for 
the principal transistor confi gura- 
tions. Since the emitter circuit is 
not normally reverse-biased, Igo 

is not signi 
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-Icgo 0 Igo 


PROBLEM 1.29 A transistor has an I¢ go = 50 pa when measured in the grounded ; 
3 : . Fig. 1.31 Leakage components on 
base configuration. If 8 = 100, find I¢zo. Snide var I g-coeec Forlac 0, 


Solution: I¢zo = (8 + 1) Iczo = 101 x 50 ¥ 5000 pa, or 5 ma. only ae es dia se 


1.8 Transistor Breakdown 


Le i 7 woe 
- 2 ne a-app: oo ae 


a 


ae ae oe ee 


ae 
i S q 
Ce 

ae He e FF ‘: 


oie 
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Fig. 1.32 Breakdown voltages for different transistor connections; BVcgR corresponds 
to breakdown voltage fora resistor R, connected from base to emitter. This curve must 
lie between BVcgo (R=) and BVcgs (R= 0). 


Fig. 1.33 Simplified d-c transistor 
equivalent circuit, common-base 
configuration. 


(B+1) Tego 


Fig. 1.34 Simplified d-c transistor 
equivalent circuit, common-emitter 


confi guration. 
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1.9 D-C Models 
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PROBLEM 1.30 The common base d-c equivalent circuit of an n-p-n transistor 
is shown in Fig. 1.35 driving a resistance load R,. Using the equivalent circuit, 
calculate the d-c input and output resistances, R; and R,, respectively. Neglect 
leakage current 1c go, and the small resistor rz Shown in the emitter circuit. 


Solution: The basic equations required to find R; are 


Ve=- (Wee +IeRp); T=QIg, Ip =(1— O)/g. 
Referring to Fig. 1.35b and combining equations, 


rR. . Ve. _(- 4) le Ret Vee 


i= = 


=Te -Te 


tl 
oy 
— 
I 
R 
ww 
o 
+ 
SN 
Los] 
ty 


R; 


For this idealized configuration, output resistance R, is infinite as long as Veg 
is an effective reverse bias. Output current is, of course, & Ig, regardless of Rr. 
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IcBo 


Fig. 1.35 Common-base amplifier. (a) D-c circuit, and (b) equivalent model, 


PROBLEM 1.31 Analyze the circuit of Fig. 1.36 for input and output impedances 


(resistances), R, and R,, respectively. Neglect leakage components and the rela- 
tively small ohmic resistance in the base circuit. 


Voc (B+1)IcBo 
Ry, 
Cc 
VB 
Rg Rr 
=~ Vec 
(a) (b) 


Fig. 1.36 Common-emitter amplifier. (a) D-c circuit, and (b) equivalent model. 


Solution: From the equivalent circuit the basic equations are teas 


Veg =Vep t+ Relsz, Vo=Voc—Rtile, Ic =B Is, Iz = (6 +1) Iz. 


Combining equations, 


Vp = Vea + Re (8 +1) Iz. 


The input impedance R, is the sum of Veg/Ig and Rg (1 + B). It is characteristic 
of this type of circuit which features moderately high input resistance. 
The output resistance, R, =, since the output current is supplied by an 


ideal current source. The output impedance is very high as long as the circuit 
biasing is correct. 


E 
1.10 The Hybrid-7T Equivalent Circuit Fig. 1.37 Simplified tee-equivalent 


circuit used as a basis for deriva- 
tion of hybrid-7 equivalent circuit. 
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Fig. 1.38 Simplified representation 
of hybrid-7 equivalent circuit forthe 
common-emitter connection. 


eae 2 
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o 


Fig. 1.39 More accurate hybrid-7 
equivalent circuit for the common- 
emitter connection. 


Fig. 1.40 Hybrid-7 equivalent circuit incorporating capaci- 
tances for a more accurate representation of high-frequency 
characteristics. 


1.11 Supplementary Problems 


PROBLEM 1.32 Explain (a) kernel, (b) valence electron, (c) excitation level, 
and (d) free electrons. 


PROBLEM 1.33 Explain the meaning of holes in semiconductors. 
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PROBLEM 1.34 What is the significance of electron-hole pair generation? What 
are its main causes? 


PROBLEM 1.35 Define majority carrier and minority carrier current components. 


PROBLEM 1.36 For kT/q = 0.026 v and a saturation current of 10 pa, plot J 
from v=-5 to v=+1. Use (1.7) and suitable increments to obtain a smooth 
curve. 


PROBLEM 1.37 For a germanium diode, J, = 0.0005 a at 25°C, determine the 
leakage current at 75°C. 


PROBLEM 1.38 Find the incremental resistance of a diode at room temperature 
(25°C) with a forward current of 1 ma. 


PROBLEM 1.39 Explain the behavior of a p-n junction which is (a) back-biased 
and (b) forward-biased. 


PROBLEM 1.40 In a transistor in the common-base connection, 1, = 0.1 ma and 
i, =5ma. Determine @ and Bf. 


PROBLEM 1.41 Why is the current gain of a transistor in the common-base con- 
nection always less than unity? 


PROBLEM 1.42 Why is the voltage gain of the common-collector circuit always 
less than unity? 


PROBLEM 1.43. For!¢go = 10 pain the grounded base configuration and B= 50, 
find IcEo- 


PROBLEM 1.44 Show the directions of all currents in a p-n-p transistor for the 
three common connections. 


Vcore 
—~h 
I Io 
=> — 
V 
VER CB 
Tp 
B 


Fig. 2.1 Voltages and currents in 
a p-n-p transistor. 


Fig. 2.2 Common-base n-p-n tran- 
sistor circuit; Ry is a load 
resistor. 
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2.1 Characteristic Curves 
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VEsB, volt —— > 


0 2 4 6 8 


0 
10 12 14 
Ig, ma —> 


0 5 10 15 20 
Vog, volt — > 
(a) 


(b) 


Fig. 2.3 Common-base (a) input and (b) output characteristics of the 2N929 transistor at room temperature. 


25 30 35 


Fig. 2.4 Simple d-c circuit for ob- 
taining the curves of Fig. 2.3. 
Shown is a common-base connec- 
tion for a p-n-p transistor. With an 
n-p-n transistor, the polarities of 
all voltages and currents are 
reversed. 


0 100 200 300 400 500 600 700 0 5 10 15 20 


Vor, volt——» 


Ip, pa —e 


(a) 


25 30 35 


(b) 


Fig. 2.5 Common-emitter (a) input and (b) output characteristics of the 2N929 transistor at room temperature. 


26 Transistor Circuit Analysis 


2.2 The Operating Point 


PROBLEM 2.1 The tabulation below lists sets of values of given transistor cur- 
rents and/or voltages. Verify by inspection of the curves of Figs. 2.3 and 2.5 
that the currents and/or voltages are consistent. * 


Iz =3 ma Vop =3V Veg =0.57v Fig, 2.3a 


Iz = 10 ma Vop =20¥ Ig =10 ma Fig. 2.3b 
Tz=10ma Vog=5v Io =10ma___—‘ Fig. 2.3b 
lp = 0 Veg = 20 v Io +0 Fig. 2.3b 


Tp=30pa Vopr =20V Io =8.5 ma Fig. 2.5a 


TIg=10 pa  Vog =30v Ig =3 ma Fig. 2.5a 


(b) PROBLEM 2.2 Given the common-emitter characteristics of Fig. 2.5, and Ip = 
; ; 20 pa, and Veg = 20v, find the collector current and the base-emitter voltage 
Fig. 2.6 Common-collector (a) input drop 


and (b) output characteristics at low 
base current of the 2N929 transistor 
at room temperature, 


Solution: Point P in Fig. 2.5a shows the base-emitter voltage drop Var = 0.58 v. 
Point P of Fig. 2.5b shows the collector current Io = 5.4 ma. 


PROBLEM 2.3 For a common-collector configuration using the 2N929 transistor, 
Vec =2v and Iz =0,6 ma. Find the collector current Tc and the base-emitter 
voltage drop Vz r. 


Protecti 
ae. Solution: Use the common-collector characteristic curves of Fig. 2.6. (Note 


that if common-collector curves are unavailable, common-emitter curves are almost 

ws ae Vee identical for most transistors.) In Fig. 2.6b, operating point P is located. By 

+ : interpolation, ], = 4.5 pa (between the J, = 0 and 5 pa curves). Thus, I, ~ 0.6 ma. 
= In Fig. 2.6a, point P is located corresponding to Ip = 4.5 wa, and Voz > lv. 

The base-emitter drop is found to be Vg = 0.53 v. 


Fig. 2.7 Simplified d-c circuit for 

obtaining the curves of Fig. 2.5. 
PROBLEM 2.4 The operating point of a common-emitter circuit using the 2N929 
transistor is Ig = 5.6 ma, and Veg = 20v. Find Ip, Var, Vog, and Ip. 


*The characteristic curves of the Texas Instrument 2N929 n-pen silicon transistor are used for most 
of the problems in this chapter. 


PEER TRE RTE CRT RTE 
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Solution: Use the characteristic curves of Fig. 2.5b to locate point P, at Veg = 


20 v, Ig = 5.6 ma. By interpolation, Ip = 21.5 pa. From Fig. 2.5a, Vez = 0.585 v. 
By summing voltages, 


Vos = Vor ~ Ver = 20 = 0.585 = 19.42 Vv. 
Since the algebraic sum of the three transistor currents must equal zero, 
Iz =lIc¢ +I = 6,02 ma. 


This analysis gives all six parameters of the operating point. 


PROBLEM 2.5 For a common-base connection using the 2N929 transistor, I¢ = 
5 ma and Vog = 5 v. Determine the remaining four voltage and current parameters 
for the operating point. (Note that in most data sheets only common-emitter curves 
are provided by the transistor manufacturer. Therefore use only the common-emitter 
curves of Fig. 2.5 to solve this problem.) 


Solution: Start by estimating that for the conditions of this problem, Vge lies 
between 0.5 v and 0.6 v. Therefore, for Veg =5 v, Voz = 5.6 v. For Vox =5.6v 
and I¢ = 5 ma (given), from Fig. 2.5b, [gp is estimated at 20 pa (point P,). 

For Ip = 20 pa and Veg >1, Veg = 0.58 v in Fig. 2.5a. More accurately: 


Vor = Veer + Vos = 5.58 Vv; 
Ig =I¢ 41g =5.0 ma + 20 pa = 5.02 ma. 


All parameters are known. 
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Increased Voc, 
Reduced Ry 
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N * | "CE 
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Voce, Transistor voltage! Ry voltage 


Sar a eee 15 20 «2580s 35 


Vor -——~> Voc Vcr, volt > 


Fig. 2.8 Load lines superimposed on transistor collec- 


Fig. 2.9 Graphical analysis using the load line. 
tor characteristics for the common-emitter connection. 


PROBLEM 2.6 A common-emitter circuit using the 2N929 transistor has a load 
resistance R;, = 5000 Q in the collector circuit; Veg = 30 v, Io = 3.7 ma. Find 
Ig; Vor Ig, and Ver. 


Solution: The set of curves in Fig. 2.9 shows a superimposed load line repre- 
senting the voltage-current characteristic of the collector circuit resistor. At 
Io = 3.7 ma, Ip = 15 pa, and Vog = 11.6 v. Hence, Ig =I¢ + Ig = 3.7 + 0.015 = 
3.715 ma. 


From Fig. 2.6a, which is applicable to the 2N929 transistor, Vgz = 0.57 v 
for Veg >1v, and Ig = 15 pa. 

Note that both voltage across the load resistor and the collector current can 
be much larger than Vpz and Ip, indicating the possibility of large current, volt- 
age, and power gains for the common-emitter circuit. 
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0 50 100 150 200 250 300 350 
Tp, a —e> 


Vos ; volt ——w= 


Fig. 2.10 Base circuit load line. Fig. 2.11 Common-base characteristics with superim- 


posed load line. 


PROBLEM 2.7. For a common-base connection using the 2N929 transistor, Voc = 
25, Io =3 ma, and Ry, = 5000 Q. Find Ip, Vee, and Vog- 


Solution: Refer to Fig. 2.11. Draw a load line corresponding to the 5000 Q load 
resistance. For Ig = 3 ma, Veg = 10 v corresponding to point P. Emitter current 


Iz ¥ 3 ma. From Fig. 2.3a, which is applicable to the present problem, Vpz = 
0.57 v. 


PROBLEM 2.8 For the common-collector configuration of Fig. 2.12a using the 


2N929 transistor, Veg = 30 v, Ig = 3.7 ma, and R;, = 5000 ©. Find Ip, Ic, Vee» 
V;,and V,. 


Vo 


Vec, volt—. 


(b) 


Fig. 2.12 (a) Elementary common-co!lector amplifier. (b) Common-collector output char- 
acteristics with superimposed load line. 
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Solution: Refer to Fig. 2.12b for the load line construction. From the load line, 
Vec = 11.6 Vv; 


Tp = 15 pa, 
Vex = 0.57 v (from Fig. 2.6a), 
V, =3.7 ma x 5000 0 = 18.5 v, 
V; = 3.7 ma x 5000 0 + Vgz = 19.07 v. 


Fig. 2.13 Elementary common- 
emitter amplifier. 


PROBLEM 2.9 Given the common-emitter transistor amplifier of Fig. 2.13, ca- 
pacitor C presents negligible impedance to a-c. Resistance Rg is adjusted so that 
Tg = 15 pa. An input a-c current having a 5 pa peak-to-peak (p-p) amplitude is im- 
pressed at the input terminals. Using point-by-point graphical construction, plot 
ip (t), Also repeat for a 30 pa p-p input current amplitude. 


Solution: The required graphical construction is developed from Fig. 2.14. The 
intersections of the load line with the collector family of curves leads to the I¢ 
vs. Ip transfer characteristic of Fig. 2.15. The small and large sinusoidal base 
currents are shown superimposed on the 15 ya quiescent current. Observe the 
clipping of the output, resulting from the large amplitude input current, which 
drives the transistor into the nonlinear region. 
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Fig. 2.14 Common-emitter output characteristics 
with superimposed load line. 


PROBLEM 2.10 For the common-emitter circuit using the 2N929 transistor with 
a 50002 load and Voc = 30 v, find: 

(a) Ip needed to operate at Io = 5 ma. 

(b) The power P, dissipated in the collector junction. 

(c) The d-c voltage V; across the load, and the power P;, dissipated in the 
load resistor. 

(d) The input d-c power Pg, to the base. 

(e) The variation in the parameters Io, Vcg, and Vz, if Ig is decreased by 
5 pa. 

(f) The variation in the parameters Vez, Pg, and Py, if Ig is decreased by 
5 pa. 


Solution: (a) Refer to Fig. 2.16. Draw the load line corresponding to 5000 0. 
At Io =5 ma, Ig = 20 pa. 

(b) D-c power is current multiplied by voltage. From Fig. 2.16, Veg = 5.3 v, 
Io =5 ma, and Pg FY 26 mw. 

(c) The power P, = 12 Ry = 125 mw. The voltage V, = 30 v —- 5.3 v = 24.7v. 

(d) The power Pg = Vgxlg. From the applicable curve of Fig. 2.17, Vg = 
0.58 v. Hence, Pg = 0.58 x 20 x 10° = 11.6 pw. 

(e) Since Ig must remain on the load line of Fig. 2.16, the new operating 
point must be at the intersection of the load line and the Ig = (20 — 5) or 15 pa 
characteristic. From this new operating point, it is found that 


| 


VcE 7 volt—— > 


Fig. 2.16 Common-emitter output characteristics 
with superimposed load line. 


ee ee 


ip 7 30pa 
Peak-to-peak 


| Time 
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Fig. 2.15 Collector current variation 
with sinusoidal base current drive. 
Note the large-signal distortion re- 

sulting from saturation. 


Vee, volt——> 


80 


40 
Ip, fo—— 


60 


Fig. 2.17 Low level input character- 
istics in common -emitter connection. 
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Ver = 11.6 v, 
To = 3.7 ma, 
V, = 30v- 11.6 v = 18.4 vy, 
Use A notation to designate changes in these parameters with the shift in /, : 
AVog = 11.6-5.3 = 6.3 v, 
Alg =3.7-5ma=-1.3 ma, 
AV, = 18.4 -'24.7 = -6.3v. 
The negative signs indicate that the changes are reductions. 
(f) The reduction is Alp =-5 pa. 
From Fig. 2.17, Vee = 0.569. Hence, Ver is 0.011 v lower at the reduced 


base current. This is most accurately estimated from the tangent at the original 
operating point as the rate of change of Vax with Ig. Thus, 


AVpp = 0.011 v, 
AP, = Vez,!n, - Vag, Ip,.= [(0.569 x 15) - (0.58 x 20)] x 10° = -3 x 10°° Ww. 


Now find AP, = Pr, ~P,: 
Pr, =1¢?Rz = (3.7 x 10°)? x 5000 = 58 mw at Ip, = 15 pa, 
Pr, =1o2?Rz, = (S x 10°)? x 5000 = 125 mw at Ip, = 20 pa, 
AP, = 58 ~ 125 = -67 mw. 


PROBLEM 2.11 From Prob. 2.10, determine the d-c current gain, i.e., the ratio 
of collector to base current. Also find the incremental current gain, i.e., the ratio 
of a change in I, to a change in Ip. 


Solution: From Prob. 2.10(a), To =5 ma, and Ip = 0.02 ma. Thus, 


D-c current gain = Ie = pa = 250. 
Ip 0.02 


From Prob. 2.10(e), Alg =-1.3 ma for Alg =—0.005 ma. Thus, 


Incremental current gain = Ale Bera aca 260. 
Aly | — 0.005 


PROBLEM 2.12 Using the conditions of Prob. 2.10, determine the input resist- 
ance (static d-c value), and the incremental resistance to small input changes. 
Solution: Static input resistance is 


Vere 0.58 Vv 
=a C= 29,000 2. 
Ty 20x 10-%a 


Incremental input resistance is 


A Vee __-0.011 _ 5999 g. 
Alg ~5x10%a 


Note the very large difference between static and incremental resistances. The 
input resistance is decidedly nonlinear. 
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PROBLEM 2.13 Referring to Prob. 2.10, find the ratio of output power (in R,) 
to input power (to the base of the transistor) for static and incremental conditions. 


P, 0.125 w 


BeBe cere 210800: 
Py, 11.6x 10% w 


Solution: Static (d-c) power gain is 


ze -3 
From Prob. 2.10(f), incremental power gain is OEE - TLE Ss = 22,300. 
APpz -3x 10° 


PROBLEM 2.14 For the conditions of Prob. 2.10, find the incremental voltage 
gain, AV,/A Vpe. 


Solution: From Prob. 2.10(e), 


—6.3 


——— = 570. 
—0.011 


AV, =-6.3 v, AVgz =—0.011 v, Voltage gain = 


PROBLEM 2.15 Forthe 2N929 transistor in the common-emitter circuit of Fig. 2.13, 
calculate the static and incremental output impedance for Veg = 10 vandlg = 15 pa 
from the transistor characteristics. 


Solution: Incremental output impedance is defined as A Vcx/Al¢ for constant 
lz. To obtain it, use A Voge =+5 Vv (arbitrarily), so that Vcg ranges from 10 v to 
15 v. Since AVgg is noncritical in the linear tegion of the characteristics, it is 
selected for convenience. Referring to Fig. 2.18a-b, 


Point P,: Vcr = 10 V; Io = 3.7 ma 


Tp = 15 pa (given). 
Point P,: Ver = 15, ie peceseo 


Incremental output impedance = AVcr - eee = 50,000 Q = J , 
Alg 0.0001 hoe 
Static output impedance = Vee = 10 = 2700 2 = = ; 
Ie 0.0037 hor 


The much higher incremental output impedance as compared with the static 
value is, of course, due to transistor nonlinearity. Note that hog and A,, are the 
static and incremental output conductances for the common-emitter connection by 
definition. 


Fig. 2.18 (a) Determining transistor smal!-si gnal out- 


Vg, volt —> put impedance from the common-emitter output charac- 
teristics. (b) Enlarged view of (a) showing transistor 
(a) characteristics in region of interest. 
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PROBLEM 2.16 For the transistor circuit of Prob, 2.15, using the characteristic 
curves of Fig. 2.17, calculate the static and incremental input impedances, Usea 
+5 ja increment for Ip. 


Solution: From Fig. 2.17, for Ver >Ilv, 
Ip =15 pa, Ip =20pa, Alp =5 pa, 


Vee = 0.569, Ver = 0.580, A Vere =0.011 v, 


0.569 


Tei ~ 38,0000 = bre, 


Static input impedance = 


Incremental input impedance = 0.011 _ 2200 Q = h;,. 
5 x 10-6 

Parameters Ayz and h;, are static and incremental input impedances, respec- 
tively, in the common-emitter circuit. Note that the values of input impedance 
are the same as would be deduced from the calculations of Prob. 2.10, in which 
Voce is not constant, due to the load resistance R;. The reason is that the Ver 
vs. Ip curve is insensitive to collector voltage except when this voltage is very 
low. Since the calculations are carried out with respect to / gp = 15 ya rather than 
Tz = 20 ya as in Prob. 2.13, Aye is much higher, due to the nonlinearity of the 
base-emitter junction. 


PROBLEM 2.17 Using the common-emitter circuit of Prob. 2.15, calculate the 
Static and incremental ratios of collector current to base current for Vog constant. 


Set Ig = 15 ya as operating point, and Alp = +5 pa as increment. Refer to Fig. 
2.18. 


Solution: Choosing Vog = 10 v (Fig. 2.18a), 
Ig = 15 pa, Ico = 3.65 ma, 
Tp = 20 pa, Io =5.1 ma. 


Static current ratio is 


es OOF gasped, 


Tz 0.015 


Incremental current ratio is 


Ale 1,45 x 10-3 
= = = 290 = h,,. 
Allg 5x 10-6 Eee 


PROBLEM 2.18 A commonly-used two-transistor circuit is shown in Fig. 2.19. 
Find the quiescent operating point and the over-all incremental current gain 
Al c,/ Alg Y 


Solution: Since Ig, is undefined, assume Ic, = 5 ma, which corresponds to a 
5.3v collector voltage Vor, on the 5 KO. load line of the applicable curve of Fig. 
2.16. From Fig. 2.16, Tg, = 20 wa, and from Fig. 2.19, Ip, =Tz,. 
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0 5 10 15 20 25 30 35 
Voce, volt—> 


Fig. 2.19 Simplified schematic diagram 


for Prob. 2.18. Fig. 2.20 Common-emitter output characteristics in 
the very low current region of the 2N929 transi stor. 


Ry, =5KQ. 


Consider Fig. 2.20, the common-emitter curves for the 2N929 transistor ap- 
plicable to the low current region. Forlg, = Ic, = 20 pa and Vog, = 30v, 


Ip, = 0.166 pa = 166 ma, 


scaled from the figure. To determine incremental gain, change Ip, to 0.166/2 = 
0.083 ya, which yields (from the curves used above) Ip, = 10 pa and Ic, = 2.4 ma. 
Hence, 


Al,, = 83 ma, Alg, = 4.9 - 2.4 = 2.5 ma, 


-3 
Incremental current gain _ 2.5 x 107 = 30,000 


83 x 10° 
for the two amplifier stages. 
PROBLEM 2.19 In the circuit of Fig. 2.21, switch Sw is closed. Assume an op- 


erating point at Iz = 10 pa. Determine from the characteristic curves the incre- 
mental voltage gain for a change of + 10 mv in Vg, the voltage from base to ground. 


Solution: Refer to the curves of Figs. 2.16 and 2.22. From the slope on Fig. 
2.22, 10 mv (AVgg) corresponds to Alg = 3 pa at the specified operating point. 

From Fig. 2.16, points P, and P, locate the operating points for 7, =10pa 
and Ip = 13 pa, respectively. 


2 
wn 


At P,: Ig = 10 pa, Io = 2.4 ma, Ver = 18 v. 
At P,: Ip = 13 pa, Ic = 2.9 ma, Vee = 15.6v. 
And therefore, 


VBE, volt —»> 


Alg=3pa, Alc =0.5 ma, A Ver =-24 Vv. 
Thus, 


Voltage gain A, = — 2400 mv = —240, 


10 mv 


0 20 40 60 80 


Note that a small increase in Vg leads to increased collector current and a 
reduced collector voltage. This is represented mathematically by the negative Bi ahs ; ; 
voltage gain. Because of the exceptional sensitivity to base-emitter voltage, the ia baietyedectt of ch 

‘ . . an pedance at an operating point from 
base is usually fed a current input. The gain calculated above is in effect the 


the common-emitter input 
a-c gain to small-signal voltages about the quiescent operating (bias) point. characteristics. 


Tg, po ——p 
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PROBLEM 2.20 Repeat Prob. 2.19 with switch Sw open. 


Solution: Because Ry and Reg are in series and the collector current is nearly 
equal to the emitter current, the load line of Fig. 2.16 is applicable to the present 
problem. 

The most direct approach is to find the base to ground voltages which lead to 
the same operating points as P, and P, in Fig, 2.16, and then calculate voltage 
gain from these values. At P,, from Prob. 2.19, 


Ip = 10 pa, Ico =2.4 ma, 
lcRe = 2.4 ma x 100 Q = 0.240 Vv. 
At P,, 
AVze = 10 mv, Tg = 13 pa, Ico =2.9 ma, 
ToRe = 2.9 max 1000 = 0.290 v. 


The total change in base to ground (input) voltage is the increase of 10 mv in 
base to emitter voltage plus the change in drop across the emitter resistor. Hence, 


Change in base-ground voltage = (0.29 — 0.24) + 0.01 = 0.06 v. 
As in Prob. 2.19, the change in output = A Voz =-2.4v: 
—2.40 


Effective voltage gain A, = ——__ = ~ 40. 
oe 0.06 
Vv The calculated voltage gain is substantially reduced by the introduction of 
_&, the Rg resistor. Note that the 10 mv contribution, which is the increase in base- 
Ry =1KQ Soy E 


emitter voltage, is a relatively minor factor in establishing gain. The drop across 
Rg is a negative feedback voltage which stabilizes gain. As Vg is increased, 
the increased emitter drop tends to reduce the base-emitter voltage. If the base- 
° emitter voltage is relatively small, the base-ground voltage approximately equals 
the emitter resistor drop. Thus, 


Fig. 2.29 eee eae current as long as the voltage gain is much higher with Re short-circuited. 
or rob. . . 


PROBLEM 2.21 Refer to Fig. 2.23. If Ig varies as shown between 0 and 25 pra, 
what is the variation in output voltage V,? What is the variation if Ig varies be- 
tween 0 and 35 pa? 


Solution: Figure 2.24 shows the common-emitter characteristics applicable to the 
present problem. A load line is drawn corresponding to Voc = 5 v and a 10002 
load resistor, From the load line, it is apparent that as long as Ig > 20 pra, the 
operating point remains at P,. The transistor is saturated and is said to be on. 
The collector-emitter voltage drop cannot be substantially reduced by further in- 
creases in/p, 

Similarly, if 1g = 0 or less (reversed in polarity), the operating point moves to 
P, where the collector-emitter drop equals Voc, and the transistor is said to be 
off. Therefore,V, varies between 5 v and about 0.7 v. 

The mode of operation described here is called switching, since the output is 
either on or off, with output voltages independent of J, in the extreme nonlinear 
regions. 


(0) 5 10 15 20 
Vor, volt——» 


Fig. 2.24 Solution to Prob. 2.21. PROBLEM 2.22 Using the circuit of Fig. 2.23 but with R,, = 0.25 MQ, find the 


variation in V, as Ip varies between 0 and 10 pa. 
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Solution: Refer to Fig. 2.25, which is the common-emitter characteristic for low 
values of collector current. Draw the load line for a 0.25 MQ resistor. The verti- 
cal axis intercept of the load line corresponds to a collector current of 


iO Wer 5 
250,000 — 


Collector-emitter voltage varies between 0.25 v at P, Uc = 19 pea) and 5 v at 
P,(I¢ = 0). The on collector current is determined by the circuit and not by the 
value of Ip, as long as /g is greater than the value needed to sustain Ic, in this 
case, about 0.2 pa. 


0 pa. 


2.5 Supplementary Problems 


PROBLEM 2.23 From the curves of Fig. 2.5 for the 2N929 transistor, deter- 
mine the operating points (a) 1g when Vcg = 30 v and Ip = 0.01 ma, (b) Ig when 
Vor =15 v andI¢ = 5 ma, and (c) Vcg when Ig = 30pa and I¢ = 8 ma. 


PROBLEM 2.24 Using the characteristics of the 2N929 transistor of Fig. 2.5, 
draw a load line for Veg = 30 v and R, = 10,000 2. Find I¢ and Veg for Ip = 
0.01 ma. 


PROBLEM 2.25 Repeat Prob. 2.24 with R, = 4000 0. 


PROBLEM 2.26 A transistor with a very high 8 is connected in the common- 
base mode. Draw a load line for Voc = 20 v and R, = 5000 1, and find Vog 
and I¢ for] g = 1 ma. 


PROBLEM 2.27. For the common-emitter circuit using the 2N929 transistor with 
a 6000 2 load and Voc = 30 v, find (a) Ig needed to operate at Ic = 5 ma, (b) the 
power Po dissipated in the collector junction, (c) the d-c voltage V, across the 
load and the power P; dissipated in the load resistor, (d) the input d-c power 
Pz to the base, (e) the variation in the parameters Ic, Vcr, and V, if Ig is de- 
creased by 5 pa, and (f) the changes in Vgg, Pg, and P, if Ig is decreased 
by Spa. 


PROBLEM 2.28 From.Prob. 2.27, determine the d-c current gain, i.e., the ratio 
of collector to base current. Also, find the ratio of a. change in I¢ to a change in 
Ip (incremental current gain). 


PROBLEM 2.29 Using the conditions of Prob. 2.27, determine the input resis- 
tance (static d-c value), and the incremental resistance to small input changes. 


PROBLEM 2.30 Referring to Prob. 2.27, find the ratio of output power (in Ry ) 
to input power (to the base of the transistor) for static and incremental conditions. 


PROBLEM 2.31 For the conditions of Prob. 2.27, find the incremental voltage 
gain AV,/AVag- 
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0 5 10 15 20 
VcE , volt => 


Fig. 2.25 Solution to Prob. 2.22. 


CHAPTER 


SMALL-SIGNAL 
EQUIVALENT CIRCUITS 


3.1 Introduction 


Var , volt —p 


operatin 
point 


0 100 200 300 400 500 600 700 0 5 


10 15 .20 25 30 35 
Vor, volt——» 


(b) 


Fig. 3.1 Type 2N929 common-emitter characteristic curves. (a) Input characteristics, 

(b) output characteristics, and (c) enlarged view of critical region of output character- 

istics. Note that A = reference point; C = final point; Alc, = 0,25 ma for AVor = 5 vy, 
where Alc, is the change in I¢ due only to the change in Voz; Alc, = 1.4 ma for 


Alp =5 fia, where Alc, is the change in Ig due only to the change in Ig. 


3.2 Hybrid Equivalent Circuit 


38 
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Vee =higlp + hReVcE 
Io =hrglp + hogVce 


(a) 


Vbe =Aieip + hreVce 


ie = hgeip + RoeVce 


(b) 


Fig. 3.2 Block diagram representa- 
tion of the hybrid equivalent circuit 
for the common-emitter connection. 
(a) Large-signal parameter (d-c) and 
(b) small-signal parameter. 
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PROBLEM 3.2 Illustrate the physical Significance of (3.9) and (3.10) by ref- 
erence to Figs. 3.la-c. Also establish numerical values for the parameters at 
the operating points on the input and output characteristics. 


Solution: Consider Figs. 3.1b-c in relation to the expression 


i, ae Roe Vee + hee i, [3.9] 


and remember that A,, and A;, are assumed constant for small-signal operation. 
Now A is the reference point, and C, a new point that shows the shift due to 
changes, v., and i,. On the Ip = 30 pa curve, Ip is constant, so that i, = 0; 
hence 1, = hoe Vce. At point B, Vog = 15 v and AVcE = Vce = 5 v. The change 


Alc; = 1, in Ig is due only to a change in Vcg. The slope of the characteristic 
curve is 


Ale, 
AVcg 


0.25 ma 
-h.= 
5v 


= 50 x 107° mhos. 


oe 


Now consider the component change in Ig due to a change in Ip, Veg = con- 
stant (v,, = 0): 


Alg, = hy. Alp, 2 = Aye. 
C2 = Ye Alp Alp fe 
From Fig. 3.1c, 
1.4 x 107° 
Alc, = 1.4 ma, Alp = 5 pa, hy. = = 280. 
Cy ma B pa f 5x 10~° 


With parameter values substituted in the expression for i, 
i, oa hs Vee + he, iy 
= 50 x 107° v,, + 280 7,. 


A similar procedure can be followed with respect to the input characteristics 
of Fig. 3.1a, whose defining equation (3.10) is repeated here: 


Vbe = hee Vee + hie 1p, [3.10] 


The input characteristic curves, for all but very low values of Vor, are al- 
most independent of Vog. Thus, for practical operating points, h,, may be set 
equal to zero, so that vy». =Aj,i,. From Fig. 3.1la, at Ip = 30 ya, 


Voe =inhie + AreYce 


(a) 


Pel Alp 100 ja; “AVee = 043%. 
Cc 
AVeg _ Vobe = 0.13 = 1300 Q 
Ateip hoe Vee Al, ip 100 x 10-° : 
hj, = 13000, 
E and (3.10) reduces to v,, = 1300 i,. 


fo = AgeVce + Agein 


{b) 


Fig. 3.3 Equivalent circuit (model) 

representation of the common-emitter 

configuration. (a) Input side and (b) 
output side. 


: 
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PROBLEM 3.4 For the 2N929 transistor whose characteristic curves and opera- 
ting points are defined in Figs. 3.5a-b, compute the h-parameters for the common- 
emitter connection, and draw the equivalent circuit. 


Solution: The output operating point, A, is-defined in Fig. 3.5b as 
Iz = 15 pa, Voge =12v. 
Proceeding as before in Probs. 3.1-2, 
I . bai 
pew Ble! 0d OID 230.10 mks, 
AVor \Ip 10 
—3 
ie Ale _ L4x10™ _ 490, 
Als Vor 5 x 107° 
V, . 
fpceee|| aa N2S- o 900 ee: 
Alp |\Vcg 100 x 10 
V, 
h,. = BVee |. 2 O(essentially), for Voz > 1v. 
A Vor Ip 


The equivalent circuit corresponding to these parameters is shown in Fig. 3.6. 


1.0 


Voe = Niein + AreVce 


ig = Ageipn + hoe Vee 


Fig. 3.4 Complete hybrid parameter 
model 
nection. This circuit applies to 
small-signal operating conditions. 


for the common-emitter con- 


300 400 500 600 700 0 5 


Ip, pa — > 
(a) 


Fig 3.5 Computing h-parameters for Prob. 3.4. (a) Input characteristics and 
(b) output characteristics. 


10 15 20 25 30 35 
Voge. volt —» 
(b) 
i, Mie = 290i, ig 
— 22002 


hoe = 30 X 107° mhos 
(= 33,0000) 
E 
Fig. 3.6 Equivalent circuit corre- 
sponding to the h-parameters 


derived in Prob. 3.4. 


and parameters correspond to those of Fig. 3.6. The input capacitor is assumed 
to have zero a-c impedance. 


(a) For an input signal vg = 10 mv rms, calculate the currents i, and ig, and 
the voltage across and power in R;. 

(b) Calculate the current gain A; =1,/1,. (This is not the same as hye, Since 
the external resistance R;, enters into the calculations. Parameter h,. is defined 
for short-circuit conditions; i.e., v,. = 0.) 

(c) Calculate the voltage gain A, = V.¢/Vpe- 

(d) Calculate the power gain, i.e., the ratio of a-c load power to transistor 
a-c input power. 

(e) Calculate the input impedance Z,. 

(f) Calculate the output impedance Z,. 

It is assumed that h,, = 0. This is generally a valid or realistic assumption for 
small-signal operation which results in simplified calculations. 


Ys 


2N929 


Rr, = 
5000 2 


Rg = hie = 
1000 Q 22000 


Vg= 
10 mv rms 


hoe = 30 X 10" mhos $ so90 0 
(= 33,000 02) | 
Fig. 3.7 Circuit for Prob. 3.5. The bias point is set 


at a base current of 15 fia supplied through Rp. Ca- Fig. 3.8 The a-c hybrid model corresponding to the 
pacitor Cz blocks the d-c bias current to prevent its circuit of Fig. 3.7. 
flowing in the low impedance generator circuit, com- : 
ponents Rp and Cg are neglected in calculations, 
and vg and Rg are a-c generator voltage and internal 

resistance, respectively. 
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PROBLEM 3.5 We are given the circuit of Fig. 3.7 whose operating conditions 
| 
: 
; 


Solution: The first step is to draw an a-c model for the circuit of Fig. 3.7, as 
shown by Fig. 3.8. Calculations are then made ina straightforward manner using 
ordinary circuit theory. 

(a) To calculate i,: 


_ Vg 7 107°? 
Rg+h;. 1000 + 2200 


The current generator develops Ay, i,, or 290 x 3.1 x 107° = 0.90 ma. 
The current source output divides between A,, and R;, in accordance with 


is ~ 31x10 a. 


Ohm’s law: 
ss 
i, = hy, i ge 0.60 : ma = 0.90 : 
iron e eae aie re ere | ~ \5000 x 30 x 107° +1 

Rr Bs i raraess 
oe 

_ 0.90 

1.15 


1 


0.78 ma. 
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The voltage across R; is v, =5000x(-0.78x10-*) =-—3.9 v rms. The voltage 
is negative because of the assumed current and voltage polarities of Fig. 3.8. 
The power dissipated in R, = 0.78 x 3.9 v = 3.04 mw. 
(b) The calculation of current amplification is 
i 0.78 x 107° 


Aj= — = ————— = 252. 
ip 3.1 x 107° 


(c) To calculate voltage amplification, input voltage is taken as the input 
voltage at the transistor base: 


v_,  -3.9 -3.9 ~3.9 


ee pe Sr a eh a, 
Veo inhi, 3.1 x107°x2.2x10? 6.8 x 107 


Note that input voltage = 1,Z, where Z; ~ h;,. The minus sign in the voltage gain 
calculation arises because i, is flowing away from the assumed positive side of 
of R,. In the common-emitter circuit at low frequencies, the output voltage is 
180° out of phase with the input signal. 

(d) Calculation of power gain: Load power, previously calculated, is 3.04 mw, 


Power input = i, x Vp. = (3-1 x 107°)(6.8 x 107) = 21 x 10 w, 


3 ; 
Power gain = chines = 145,000, 
21 x 107° 


or calculated somewhat differently, 
Power gain = |A,A,| = 252 x 574 = 145,000. 


(e) Input impedance = A,, = 2200 Q. 
(£) Output impedance ¥ 1/h,, = 33,000 0. This is the a-c impedance seen 
looking toward the transistor from R,. 


3.3 Tee-Equivalent Circuit 


exo a angen 


a he 
ee 
Be ta 


souygusewerrsreneet sae ses ssa . " 
- wegen ‘ eG 


Fig. 3.9 The tee-equivalent circuit 
for the common-emitter connection. 
The parameters fp, fe, Ta, and B are 
constant only for small-signal oper- 
ation. The fixed bias currents and 
voltages are not shown. 


Fig. 3.10 Common-emitter hybrid 
model. 
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Impedance 
— 


Fig. 3.11 Calculation of input im- 
pedance of the tee-configuration. 
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Fig. 3.12 Equivalent tee-circuit, 

identical to the hybrid circuit of 

Fig. 3.6 because Are is assumed 
to be zero. 


hteip 


E 


Fig. 3.13 Simplified circuit diagram 
showing how to measure hyg. 
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ser 


Hh 


Hisense 


i? 


i 
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PROBLEM 3.9 For the equivalent circuit of Fig. 3.8, determine the errors in 
voltage gain (A,) and current gain (A,) resulting from the assumption that h,, = 0. 
(In this problem, h,, = 2 x 10*.) 


Solution: The equivalent circuit with the same operating point as in Prob. 3.5 
but with the h,,v.. voltage source inserted, is shown in Fig. 3.14. It will be 
recalled that v., = -3.9 v, yielding an hie Veg = 2 x 10% x ~3.9 = —0.8 mv rms. 
If 1, is held constant, Vg must decrease by 0.8 mv to 9.2 mv. For this condition, 
the output current i, is unchanged. The input voltage v,, becomes 


h 2200 
= 92 je = 92 = 6.3 mv, 
oe * te +R, * 2200 + 1000 
=o 618 574 
A, = ERS =- (vs. ~574, neglecting h,,). 


The approximate gain is 7% lower than the “‘exact”’ value. This approxi- 
mation error is almost always acceptable, since the variability in transistor 


parameters is much greater than 7%. The current gain is unchanged, because it 
depends primarily on hy,. 


PROBLEM 3.10 Obtain the tee-equivalent circuit from the hybrid model of 
Fig. 3.14. 
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Solution; The h-parameters are 


hy, = 2200 ©, 

h,. = 30 x 107° mhos, 
h,, = 2 x 107“, 

hye = 290. 


Substitute in the conversion formulae: 


B = Ne = 290, 
ey ee = 33,000 O, 
—4 
pillage eee or 
h,. 30x 107° 


bee 2200 — 291 (6.67) = 260 2. 


lp = hie = (1 + hye) 


‘oe 


hoe Bi,=290i, 
= 30 x 10°° mhos 


B Cc 
—_ rq=33,0000 
Tp I, 
re =6.67 0) 
fi. 
E 


Fig. 3.15 The tee-model derived 


from the hybrid circuit 
of Fig. 3.14. 


Fig. 3.14 Hybrid equivalent circuit, common-emitter connection. 


The tee-equivalent circuit is shown in Fig. 3.15. Note the substantial 
change in r, in contrast to Fig. 3.12. The coupled voltage (7, through r,) in- 
troduces a large effective resistance value, equivalent in over-all effect to the 
previous 2200 © base resistance. 


3.4 Common-Base Parameters 


PROBLEM 3.11 Determine the common-base h-parameters for the 2N929 tran- 
sistor at an operating point Ip = 4 ma, Veg = 12 v. 


Solution: Refer to (3.20) and (3.21). These expressions are most easily in- 
vestigated by letting i, = Al; = 0, and in turn, V.4 = AVop = 9, then graphically 
determining the relationships among the remaining variables. 

Consider Fig. 3.16a: 
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Agee _ Ale, y 2 oe BO 2 1lT oa: 
wee RV eis. aR Al, Veg Aly 210° 


It is clear that for a high-quality transistor with low leakage current and high- 
current gain, the collector family curves are almost useless in establishing the 
output circuit parameters in the common base configuration. 


0 5 10 15 20 25 30 35 fe) 2 4 6 8 10 12 14 
Vog, volt——» Iz, mo——> 
(a) (b) 


Fig. 3.16 Type 2N929 common-base characteristic curves. (a) Output characteristics and (b) input characteristics. 


The input characteristics are more amenable to calculation. Referring to 


Fig. 3.16b, 
hip = AVse = anaes = 7.5 O. 
Alz |Vcp 8 x107%a 


Parameter h,, = 0, since Vgz is almost independent of Vog. 

The h;, parameter can be established with fair accuracy from the characteristic 
curves; the remaining hybrid parameters cannot. The parameters can still be 
measured by a-c techniques, as previously explained, but it is usually more con- 
venient to compute them from the generally available common-emitter parameters. 


3.5 Derivation of Common-Base Parameters 
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a 
ae 
a ae 


a 
ea 

i 
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Fig. 3.17 Deriving the common-base 


parameters. (a) Original common- 
emitter circuit, and (b) redrawn so 


the base is now the common terminal. 


htein 


Fig. 3.18 Determining hip and hyp. 

(a) Circuit of Fig. 3.17 (b) redrawn 
with C short-circuited to B. . 

(b) Elimination of active sources. 
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Fig. 3.23 Common-base tee- 
equivalent circuit. 


Common- Tee- 
collector equivalent 


parameter conversion formulae. 


2200 
2x 10% 
290 
hg, = 30 x 10° mhos 


(d) Typical values for type 2N929 transistor 
atIg =4ma, Vox = 12 vy. 


(b) Hybrid equivalent circuit. 


Fig. 3.24 Conversion to common-emitter h-parameters. 
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Common- Common- Tee- 
emitter collector L ee 
hie | = Bie re +(1— @)r, 
1 + hee hee 
hie ho hjoh 
te e —h,e h,,-1- ic oc tb 
1+ hy, hte Fe 
_ te _ Lt tte ~o 
1+ he, hy, 
Poe _ Foe i 
1+ hye hy, ro 


(c) Approximate parameter conversion formulae. 


h,, = 0.268 x 10° 
hyp = - 0.996 


ho» = 0.103 x 10° mhos 


(d) Typical values for type 2N929 transistor. 


(b) Hybrid equivalent circuit. 


Fig. 3.25 Conversion to common-base h-parameters. 


Common- Common- Tee- 
emitter base equivalent 
hie Ua th+—* 
14+ Ay, 1-~a 
ia ih yee Ae th a, ee 
1+ hy, (1-a@)r, 
~(1 + hie) a os 
1+ Ag 1-~a 
Boe hon a = 
1+ Ag (1-@)r, 
(c) Approximate parameter conversion formulae. | 
hie = 2200 2 
h,, = 0.9999 1.0 
hy, =- 291 
ho, = 30 x 10°° mhos 
(b) Hybrid equivalent circuit. (d) Typical values for type 2N929 transistor. 


Fig. 3.26 Conversion to common-collector h-parameters. 
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Common- Common- Common- 
emitter base collector _| 
+———— 
hte = h 1 + hy. 
1+ Ay, hye 
hye + 1 1_-A,, he 
hoe hop hy. 
h, 1~Ah,, 
hee hi, - 1 +hyp) 2 — 
hoe ob hy. 
(a) Tee-equivalent ci reuit, common-base. hy, — irekt + Ate) Ley hye + te Aa heed 
| hee hop hoe 
reek Are eee ~(1+ Ay.) 


l+hy 


(c) Approximate parameter conversion formulae. 


a = +0.996 
rt. = 9.7MQ 
r, = 6.667 Q 
rp = 2600 


(b) Tee-equivalent circuit, common-emitter. 


(d) Typical values for type 2N929 transistor. 


Fig. 3.27 Conversion to tee-parameters. 


PROBLEM 3.14 Figure 3.28 shows a single-stage, a-c transistor amplifier. 
The collector characteristics for the type 2N929 transistor are given in Fig. 3,29, 


Determine: 
Voco= (a) A-c voltage gain, for a 10 my input signal. 
30v (b) Input impedance. 


(c) Output impedance. 


Solution: (a) Thisisa common-collector circuit, thus requiring common-collector 
Parameters to be used in the analysis. Let us first establish the d-c operating 
point at which the small-signal parameters are to be determined. Since Ip Y Ig 
for the very low base current of this example, a load line can be Superimposed 
on Fig. 3.29, even though the 50000 resistor is in the emitter circuit. The op- 
erating (Q) point is determined as 


Fig. 3.28 The a-c emitter-follower 
amplifier for Prob. 3.14. Choke L 
and capacitors C, and C, isolate Veg = 116 vy, Io = 3.7 ma, Ip = 15 pa (as given), 

a-c ond d-c circuits. 
This is close to the operating point of Fig. 3.6, in which the h-parameters were 
determined for the common-emitter connection. These parameters are repeated 
below for convenience: 


A;. = 22000, 
he = 2x 107%, 
hy, = 290, 


hoe. = 30 x 10 mhos. 


The above parameters are converted to common-collector parameters using the 
conversion formulae of Fig. 3.26c: 
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> 
Cy 
i] 


hie = 22000, 
rc = 1, 


he = -(1 + hye) r= - 291, 
hog = hoe = 30 x 10 mhos. 


The common-collector hybrid equivalent circuit therefore takes the form of 
Fig. 3.30. Using this equivalent circuit, 


hic =2.2KQ. E 


Roc = P 
C K 
30 x 107° mhos 


Fig. 3.30 Common-collector equivalent circuit corresponding 
to the amplifier of Fig. 3.28. 


Vee, volt-—- 


Fig. 3.29 Determining the operating point 
in Prob. 3.14. 
The basic equations are 


: . Vg — hrc Voc 
ipzip = 2S, 


hie 
hfe tp 
ae ae tree _ tte ty 
o7~ te ~~ = , 
R42 hoe Rp +1 
Age 
Vo =—1I)R,. 


Since V,, = Vo, we may combine the above equations to solve for v, in terms 


of ip: 
Vo=- hye Rt x a are Vo 
1+ Age Ri hi, 
Simplifying,. 
V> (1- te Rey Bre 2: Ate Re vt. (3.33) 
1+ hoc Ry Ai, 1+ Roe Ry, hig 
Substituting numerical values, 
h 1 h 291 
1+h,, Rp = 1.15, ro = 44x 10%, 9 = - = = - 253, 
nee hie 2200 . 1+h,.R, 115 


Thus, 


‘ 2200 “ 2200 . 


Amplifier voltage gain is now determined: 
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Vo 575 ~ 
> = > = 1 -0.00174 21, 
Ye «1+ 575 

The voltage gain is slightly less than unity. 


(b) If vg = 10 mv, then Vec = Vo =~ 10 mv. Now substitute in (3.22) and cal- 
culate 1, in order to determine the input impedance Z;: 


7 Voc — bee Vec Ve — hy Vo 


= = . 3.22 
° hy, hic : 


Since the voltage gain is only slightly less than unity, let 


where Av,/v, is the per unit deviation of output from that corresponding to ex- 
actly unity gain. Substituting this expression in (3.22), 


in VE ley. ( 3 a (3.34) 
hi, hie Vo 
Let A,, = 1, and simplify: 
: Vg Av, 
i= — . 
hic Vo 


Calculate the input impedance, Z;: 


V, h 
a = weet’: 
b Avo 
Vo 


Substitute numerical values: 


hye = 2200, S¥2 9.00174, 2, - 7200 _ 1 964 x 10°~ 1.264.M0, 
% 0.00174 


Substituting numerical values, 


1 
~ 1/5000 + 30 x 107° 


oO 


= 43500, 
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PROBLEM 3.15 For the emitter-follower of Fig. 3.28, using the ‘‘exact’’ value 
of h,,, calculate the percent deviation from unity gain and the input impedance. 
Use the equivalent circuit of Fig. 3.30. 


Solution: Rewrite (3.33) to obtain the voltage gaini v,/v,: 


~hee Rt fal 
A, a Vo _ 1+ hoe R, hj. : (3.35) 
Ve = ive R, x Age 
1+ hoe Ry hig 
Equation (3.35) may be expressed as 
— 
h 


re 
aerat) 
hee R, hye 
The quantity in brackets is very much less than unity. Therefore, dividing 
and keeping the first two terms of the quotient, 


A, & 1 en 1+ Poc Ri\ (Ric : (3.36) 
ye hee Ry hy, 
For A,, = 1, 


1+ foc Rr\ (hic) __ _1_ A= * (i- 5) 
hye Rt} \Bec 575° "Bee 575 


This is the value that was obtained in Prob. 3.14. More accurately, 
h,, = 1-h,. = 1-2x 10%, 


Do 2x 10, 
he 1-2x 10 


A, = 


A, = (1+ 2x 10-*)(1- 17.4 10“), 
A, = 1-15.4x 10. 


The deviation from unity voltage gain is 0.154%. 
The input impedance may be calculated from (3.34): 


Leek ; Lhe ( 2 =k ~ 13.34] 
hic Vo 


ij, SSF (3.37) 


From the previous gain calculation, 


y- AYe 1~15,4x 10“, 


Vo 


h,, = 1-2x 10~, 


> Hehe: (- ai 1-(1- 2x 10“)(1- 15.4 x 10) = 17.4 x 10%. 


o 


Substituting in (3.37), 


Z, - 2200 . 10 = 1.264 MQ. 
17.4 


Fig. 3.31 The a-c amplifier circuit 
for Prob. 3.16. 


(b) 


Fig. 3.33 Model for the ampli- 
fier of Fig. 3.31. (a) Exact 
equivalent circuit and (b) 
simplified output circuit. 
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The input impedance is not particularly susceptible to the error introduced 
by using the approximate value of h,. . 


PROBLEM 3.16 Calculate the input impedance Z, and the voltage gain v,/V, 
for the circuit of Fig. 3.31. 


Solution: Figure 3.31 is treated as a common-emitter circuit where Rg is a cur- 
rent feedback resistor. Since Ig and Ic are nearly equal, the effective load line 
resistor is R, + Rg, as shown in Fig. 3.32. The Q point is approximately 3.7 ma 
at 11.2 v. This is close enough to the operating point of Prob. 3.4; therefore the 
same h, parameters may be used: 


hi. = 22000, 

h,, = 2x 1074, 

hte = 290, 

hoe = 30x 10 mhos. 


oe 
int 
PER, tea 


10) 5 10 15 20 25 30 35 
Voce, volt —— » 


Fig. 3.32 Finding the operating point for the 
circuit of Fig, 3.31. 


The equivalent circuit takes the form of Fig. 3.33a. The emitter resistor 
acts as a coupling element between the base and collector circuits, and is best 
dealt with on an approximation basis. This practice is almost always legitimate 
in transistor circuitry where parameters are rarely known to a high degree of ac- 
curacy. The following two approximations are very helpful. 

1, Let h,, = 0, since v,.h,. is very small for A,A,. <<1. (This may be 
checked after the voltage gain has been approximately determined, as explained 
below. ) 

2. Let ig =i,, an excellent assumption for high current gain transistors. 

Using the above approximations, the output equivalent circuit can be simpli- 
fied as shown in Fig. 3.33b and analyzed by conventional methods: 


hee Ip : - 
Lor hee Ih 


~ 14 (Re +Ri)hoe 


Ip = 


(3.38) 


1 
— +R R; 
h E+ ty, 


oe 


From Fig. 3.33a, 


a Re Ate Ip 
1+(Re+Rzp)hoe 


Vg = Ip hie 
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Solving for Z; = Vg/ip, 


Reh 
Zi = Nie + Ete : 3.39 
1+ ho, (Re + Ri) ae 
Substituting numerical values, 
Z, = 2200 +——22:000 ~ 27,3000. 
1+ (30x 10-°)(5100) 
The output voltage v, is 
v= Ry i, = —Rr, hee Ip . 
1+ ho. (Re + Rt) 
Substituting Vg/Z; for ip, 
Vo = HR hee x va 1 
1+ho.e(Re +R.) 2: 
The voltage gain is 
Ae ee ks, (3.40) 
Vg 1 + hoe (Re + Rr) Zi 
Substituting for Z; and simplifying, 
-R,h 
cso 5 (3.41) 


A, = ‘ 
Rie + Rie Boe (Re + Ri) + Ate Re 


Before substituting numerical values, observe that if hy. is very large, the 
voltage gain reduces to 


—R 
A, = — =. 3.42 
a> (3.42) 
This approximate formula is very valuable in estimating the approximate behavior 
of circuits having the configuration of Fig. 3.31. 


The numerical results of this problem confirm the validity of (3.42). Us- 
ing (3.41), 


-5000 x 290 
2200 + 2200(30 x 10-°)(5100) + (290) (100) 
— 5000 x 290 


2200 + 337 + 29,000 — 


A, = 


This compares well with a value of — 50 determined from the approximation of (3.42). 
Check the validity of our assumption that h,,v.- is negligible. Assume 
vg=10 mv. Then vy = A,Vv, = 460 mv. Thus, 


hie Vee = 2 x 10% x —460 = — 0.092 mv. 


This voltage aiding the input signal is less than 1% of vg, confirming the sound- 
ness of the earlier assumption. 

The characteristics of the above circuit can.be further clarified by solving for 
input impedancé and voltage gain using the common-emitter tee-model. The pa- 
rameters were determined earlier in Prob. 3.8: 


291 
= 2600, . = 6.670, oe ee  O.7 MO, 
se ae fe = 30x 10 
B = 290, ry = —2— = 33,0009. 


1+£8 


Fig. 3.34 Tee-equivalent circuit 
for common-emitter connection 
showing resistor Rp. 


Fig. 3.35 Equivalent circuit solved 
by using mesh currents. 
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PROBLEM 3.17 Using the above parameters, solve the tee-equivalent circuit of 
Fig. 3.34 for Z, and A,. 


Solution: The tee-circuit is easily solved using conventional two-mesh analy- 
sis. Since most engineers are more adept in using voltage generators, these are 
substituted for the current generators of Fig. 3.34, yielding the modified circuit 
of Fig. 3.35. 


The mesh equations are 


. 


Ve=(te +r. + Rei, + ro + Radic, (3.43) 
fe. ; r F 
ear ip = (Ret re)ig + (- + Re + i+ B Re) ie. 
The second of these equations may be rewritten as 
0=(Re +0 - Eis )is + (r+ Res eg t Ri) ie (3.44) 


Using determinants, solve (3.43) and (3.44) for ip: 


Vg. te + Re 


where A is the determinant of the system equations. Solving for Z, = vg/ip, 


Pies eo, (3.45) 


cr 
€ + Ry 


1+£8 


te + Re + 


The determinant A is 


tf +te+Re te + Re 


A= Br r 
Re +f. — — 1to+Ret+—*—+R 
wane ee oe es 


= rol +Re+ + R.) + (to + Re)(ro + Ry). (3.46) 


Fe 
1+£8 
Substituting (3.46) in (3.45), 

(r, + Re) (te. + Ry) (3.47) 


Go-4Re) 4 
1+ 


Z;=t, + 


+ Rp 


Insert numerical values: 
(106.67) (9.7 x 10° + 5000) 


~ 27,1000, 
6 
(106.67) + ae + 5000 


Zi = 260 + 


This checks very closely with the value of input impedance calculated for 
the hybrid circuit of the previous example. 
Simplifying (3.47) by making the following approximations, 


+ R,, th << (re aE Rg) (te +R) 


B Fe +R, 
1+£8 


r 
te + Re << —* 
1+ 
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we obtain 


Z, = (re + Re) Ce + Ri) (3.48) 


£— +R 
1+8 . 
A further level of approximation with consequent simplification is introduced 


by assuming that 


fe 


1+8 


>> Rr, 


which leads to 


Z, = (14+ Bre + Re). (3.49) 


Check this approximate Z, with the more accurate value of 27,1000 by sub- 
stituting numerical values: 


Z, = (1 + 290) (106.7) = 31,0000. 


This approximation is perfectly satisfactory for many purposes. 
Now calculate voltage gain. Determine i, by the use of determinants, 


fh +te + Re Vg 


ee | 

LL = 

Pe Kee bac te 
Ee ap 


ASS (. eRe Pre ) (3.50) 


We now substitute the expression for the determinant: 


tr, 


A=r +Re+—* 
»(% E 1+B 


Simplifying (3.50) and (3.46) by the following approximations, 


+ R,] + (ro + Re)(ro + Rx). [3.46] 


fe 


1+ 


fo >>te + Re, >> te + Re, t. >> Rz, 


the equation reduces to 


A@t ( fe +R) + tee + Re), 


1+ 8 
-e, £, 
ADs 7 aaa (3.51) 
eee +R.) +1 (t. + Re) 


Substituting numerical values, 
290 
—(5000) — 9.7 x 10° 
ee 201 


Co PALE SNe Se eee 
260 (Gane + 5000] + 9.7 x 10° (106.7) 
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This confirms the previously calculated value of — 46. 


The expression for gain (3.51) can be further simplified. The second term in 


the denominator of (3.51) is often much greater than the first term when Rp is 
present in the circuit. Therefore, 


A, = ~ Rt _B_ 


or simply, 


Ao 


‘ (3.52) 


As a check, substitute numerical values from the above problem: 


Ass ~ 5000 _ 
106.7 


— 47, 


This is obviously an excellent check of the approximate expression. 


ae 


i 


hdlonrdaaie 


aia a 
ae 


eae 
ges 
otk 
7 i 


: ; 
: 
| 


ACU 


3.7 Hybrid-7f Equivatent Circuit 


= 290 
30 x 107° mho 


Fig. 3.36 (a) Hybrid equivalent cir- 

cuit for common-emitter connection. 

{b) Hybrid-7 equivalent circuit for 

common-emitter connection, Capaci- 

tive components are not shown in 
this low-frequency model. 


Ifno measured value of r,,- is available, 
Bm anc = Ae 


d tpp. 


it Analysis 


ircul 
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id 


ion from hybr 


-7 parameters. 


TABLE 3.1 Convers 


id 


to hybr 


ing 


- 3.36a, derive the correspond 


ing the parameters of Fig 


19° Us 
d-7 parameters for r,,- 


PROBLEM 3. 


hyb 


rl 


ired parameters are found by direct substitution. Referring to 


The requ 


Solut 


1, 


Table 3 


[3.56] 


132 mho, 


=0 


290 
8m = 2200 


[3.60] 


11 x 10° Q, 


2200 


2x 10 


2200 © 


[3.61] 


, 
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1 
= 30x 107° - 2x 10-* (2) = 3.4.x 10-¢ mhos, [3.63] 


lee 


so that r,, = 286,000 Q. 


PROBLEM 3.20 Repeat the previous problem using r,,- = 255 0. 


Solution: Proceed as before: 


290 
= =; i : 
Ein re 149 mho [3.56] 
_ 1945 , 
fare = pay = 9-73 x 10° 0, [3.60] 
ry’, = 1945 O, (3.61] 
1 
1 39% 10-6 — 2x 10-4 291 = 0 mho, [3.63] 
foe 1945 


so that r., = 00. 
For ry > 255 ©, re~ would be negative, making it inconvenient for calcula- 
tions. 


PROBLEM 3.21 Figure 3.37 shows the hybrid-7 amplifier model. Using the hy- 
brid-7 values found in Prob. 3.20, calculate load power, and current and voltage 
gains. 
the = 


& 
- ; 9,73 x 10° 


Rg= tpp’ = Th’ 
2550 p’ 9.73 x 10° 


Vr = 0.149 Vbe RL = 745 Vb’e 


Fig. 3.37 Hybrid-7 amplifier circuit for Prob. 3.20. Fig. 3.38 Hybrid-7 amplifier circuit 
of Fig. 3.37, with current source re- 


placed by voltage source for easier 
calculation. 


Solution: Start by replacing the current source and R, of Fig. 3.37 with the 
equivalent voltage source shown in Fig. 3.38. The basic equations are 


Vg = (Rg + top’ + tr’e) i Th’e ta» 
Vie =— pe i, + (toe + fh’c + Rx) i,- 
Substituting numerical values and solving by determinants, 
i, = 3.38 pa, 
i, = 0.44 pa. 
Since vz-, = rp’. (i, — in) 
vz = 745 ty’e (i, — iz) = 4.12 v, 
and continuing, 
—~Vee = Vz +i, Re = 4.12 + 0.44 x 10 x 5 x 10° 34.12 v, 


Veo _ 4.12 


ip=e-— = = 0.824 ma, 
R; 5000 


P, = le Vee = 3.12 mw. 
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Thus, 
A, = i. - 824x 10% _ a4, 
i, 3.38x 10-8 
Ayes a ee: 695 


Vee Vb’e + fh’b Ib 


3.8 Supplementary Problems 


PROBLEM 3.22 Give the generalized definitions of static and incremental h- 
parameters. 


PROBLEM 3.23 Define mathematically the static and incremental h-parameters 
for the common-base connection. 


PROBLEM 3.24 For the characteristics shown in Fig. 3.5, find the h-parameters 
for a 2N929 transistor when the CE connection is at Vog = 10 v and Ig = 2 ma. 


PROBLEM 3.25 Determine r., ry, and rq for the h-parameters of Prob. 3.24. 


PROBLEM 3.26 In the circuit of Fig. 3.7, let Rp = 10KQ, Rp = oo, Rg = 
2KQ, Cp =o, and Ip = 20a. Determine (a) the operating point, (b) the 
incremental h-parameters at the operating point, and (c) r,, ry, and rg. Draw this 
circuit, replacing the transistor by its tee-equivalent network, and determine the 
input and voltage gain using standard circuit analysis and assuming rg infinite 
as an approximation. 


PROBLEM 3.27 How are r, and ry measured? 
PROBLEM 3.28 Design a simple 8 measuring circuit. 


PROBLEM 3.29 In the circuit of Fig. 3.28, if Tp =5 pa, find (a) the maximum 
rms output voltage without distortion, (b) the vg that generates the maximum 
voltage, and (c) the approximate input impedance. 


PROBLEM 3.30 If R, =10°Q in Fig. 3.31, the approximate formula (3.42) is 
no longer valid. Why? 


PROBLEM 3.31 If h;, = 5000, h;. = 300Q, hye = 107° Q, and hg, = 107° 2 
for a transistor, find (a) the tee-equivalent circuit parameters and (b) the input 
and output impedances. 


PROBLEM 3.32 For Fig. 3.2b, define the small signal h-parameter in physical 
terms for the common-emitter circuit. 


CHAPTER 


BIAS CIRCUITS 
AND STABILITY 


4.1 Introduction 


PROBLEM 4.1 A germanium transistor has a leakage current of 5 pa at room 
temperature (25°C). If Fig. 4.1 applies, find the leakage at 75°C. 


Solution: The room temperature value is 5 pa. At 75°C, this is multiplied by a 
factor of 30, for a leakage current of 150 pa. 


PROBLEM 4.2 A 2N929 silicon transistor has a maximum 25°C leakage current 
of 0.01 pa. Find the maximum leakage from Fig. 4.1 at 125°C. 


Solution: From Fig. 4.1, the leakage is multiplied by a factor of 45, for a leak- 
age of 0.45 pa. 
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_ 
i=) 


Fig. 4.2 Input characteristics of 2N1308 n-p-n germa- 
nium transistor vs. junction temperature for the com- 
mon-emitter connection. 


1.0 


Togo (Relative to 25°C value)—» 


Germanium 
aGr (multiply scale by 100) —» 


—50° 25° 0 25° 50° —s_ 75° 100° 125° 


Junction temperature, °C —» 


Fig. 4.1 Variation of I¢ggo with temperature relative 


to 25°C, 
Vor, volt—tm 
Fig. 4.3 Collector characteristics of 2N1308 n-p-n 
germanium transistor vs. junction temperature for 
the common-emitter connection. 
TcBO 


4.3 Tee-Equivalent Circuit 
Representation of Leakage* 


Fig. 4.4 Common-base tee-equivalent 
circuit. The directions of current flow 
correspond to an n-p-n transistor. 


* As we are analyzing only d-c signals in this chapter, Band a correspond to static characteristics. 
Currents and voltages are shown with their norma! polarities. 
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E 


Fig. 4.5 Tee-equivalent circuit in the 
common-emitter connection. 


Ce 
: a 


: 


recuauumeoaauncmnaty 
: ‘ : 


a 


Fig. 4.6 Leakage in a common- 
emitter circuit. 


Voc =5v 


PROBLEM 4.4 For the circuit of Fig. 4.7, determine Rp at 25°C, such that 
Ic = 19 ma at the operating point. 


Solution: Refer to Figs. 4.2 and 4.8a. On the latter, draw a load line corre- 
sponding to R; = 100. The I¢ intercept is 5 v/100 9 = 50 ma. Thus, 1¢ = 19 ma 
at Ip = 0.1 ma (point P, ). 

From Fig. 4.2, for Ig = 0.1 ma, Vaz = 0.22 v. The voltage across Rg is 
therefore 5 — 0.22 = 4.78 v. For this voltage, and a base current of 0.1 ma, 


4.78 
=——x 


Rg 10° = 47,800 Q. 


Fig. 4.7 Common-emitter amplifier 
with bias set by adjusting Rp. 


PROBLEM 4.5 For the conditions of Prob. 4.4, find Ic at 70°C. 


Solution; From Fig. 4.2, Vgg has decreased to 0.12 v. Now Ip is 


4.88 v 


= 0.102 ma. 
47,800 Q 


In Fig. 4.8a, the operating point has moved from P, (ic = 19 ma) to P,, where 
Io = 23 ma. This is a considerable change. 
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—— = 70°C 
7 25°C 
6 
on 

5 Py a ee ee oe Ip =0 
o - 
£ 
6 
— 


(8) 1 1.5 2 2.5 3 
Vor, volt ——~> 


(b) 
Fig. 4.8 (a) Collector characteristics of common-emitter 
Vor, volt —» connection with superimposed load line. (b) Expanded 
(a) region showing load lines. 
a 


PROBLEM 4.6 Referring to Fig. 4.9, determine Rg so that Veg = 1.25 v at 
25°C. With this same Rg, find Vog at 70°C. 


Solution: Draw a new load line on Fig. 4.8). At point P,, Vog = 1.25 v and 


Ig = 0.005 ma. From Fig. 4.2, Vaz = 0.22 v. The drop across Rg is 1.5 ~.0.22 
= 1.28 v. With a base current of 0.005 ma, 
1.28 


Res = 2566 000 0. 
Be” 5x 10-° 


At 70°C, Vee decreases to 0.12 v (approximately — 2.2 mv change per de- 
gree C). Base current, at 70°C can be calculated: 


1 15-0.12 1.38 
B= = — x 


| 
- : 10-* © 0.0054 ma. | 
256,000 256 | 
Fig. 4.9 Resistor Rp is adjusted 
for Vog = 1.25 v at 25°C. This results in an operating point (P,) of Vog = 0.2 v. At such low voltage, the 
transistor is almost inoperative, showing the possible critical effects of leakage 
change with temperature. 
PROBLEM 4.7 In Prob. 4.6, find the quiescent collector current Io at 25°C 
and at 70°C. 


Solution: From Fig. 4.8b, Ic = 1 ma at 25°C (P,) and 4.5 ma at 70°C (P,). 
This is an enormous percentage change and is due to the fact that at low oper- 
ating levels, Jc contains a particularly high leakage component. 
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4.4 Constant Base Voltage 
Biasing Techniques 


PROBLEM 4.8 Referring to Fig. 4.10, determine Rp so that Veg = 2 v at 25°C. 
Find Ip and Ic. Calculate Ig at 70°C. 


Solution: Draw a load line on Fig. 4.8b. The operating point for Vo, = 2 v is 
shown at P,. At this point, > = 1.25 ma and Ig = 5 pa. 

To determine Rg, use Thevenin’s theorem which states (with reference to 
this problem) that the source resistance R., driving the transistor base equals 
the parallel resistance of Rg and 1 KQ, and that the equivalent source potential 
Veg equals the open base circuit voltage at the junction of the two resistors. 
Figure 4.11 shows how the circuit is simplified for analysis by the application 
of Thevenin’s theorem. The base-to-emitter drop is represented by a battery of 
0.22 v at room temperature (see Fig. 4.2). 

Resistance Rg is now calculated: 


2.5 —R#_ _ 0.22 
Vig 1000+ Rg 
a 1000 x Rp 
1000 + Rg 
=5x 10°. 
Solving, 
Rg = 970. 
At 70°C, Vpe is reduced to 0.12 v, and the base current becomes 
(2s . a ~ 0,12 
= 1.13 ma. 
1000 x 97 a 
1097 


This is over two hundred times the base current at room temperature. Obviously 
we may conclude that constant voltage base-emitter bias is impractical. 


The previous considerations may be examined from a somewhat simpler view- 
point. The change in base-emitter voltage is 0.1 v. The effective resistance is 
97 x 1000/1097 = 88.50. The change in current is 0.1/88.5 = 1.13 ma. 

The result might have been expected. Figure 4.2 shows that small changes 
in base-emitter voltage can lead to very large current changes when the effective 
external resistance in the base circuit is small. A large base resistance is nec- 
essary to achieve relative insensitivity to changes. in Vpe. 


PROBLEM 4.9 For the circuit of Fig. 4.12 and the transistor characteristics of 
Fig. 4.13: 

(a) Determine Ig and I¢ for Vox = 2 v at 25°C. 

(b) Using the above value of Ig, find Vez and I¢ at 70°C. 

(c) Determine a new I at 70°C, so that Ic is restored to its 25°C value. 


1KQ 


2N1308 
Rg 


Fig. 4.10 Voltage divider for adjust- 
ing base bias voltage. 


(a) 


1000xRp . 
pres Vpe=0.22v 


Req= 1000+Rg | 
—_—_ | 


Tp 


Veq =2:5 Re 
eq ~*-°" | 1000+Rp 


(b) 


Fig. 4.11 Simplification of the cir- 
cuit of Fig. 4.10 using Thevenin’s 


theorem. 
Voc =2.5v 
° 
Tp 
R,=5000 
o— 2N1308 


Fig. 4.12 Transistor in common- 
emitter circuit with constant 
base current drive. 
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Solution: From Fig. 4.13: 
(a) Point P, at Ip = 0.005 ma; Ic = 1 ma at 25°C. 
(b) At 70°C, for Ip = 0.005 ma, I¢ = 4.7 ma and Vog ¥ 0.2 v at point P,. 
(c) Since 1, = —0.025 ma gives Vor =2v,I¢ = 11a at point P, at 70°C. 


awe 70°C 
7 
25°C 
e ae 0.005 ma 
as Tp=0 ' 
E S 
: E 
rg ‘ — 
© 
~~ 
9.10(0.30) ma 
a 0.05(0.15) ma 
0 1 Z 2.5 3 | 
Voge, volt ——> ! ~ 0.005(0.015)ma 


Fig. 4.13 Low level transistor characteristics 
of common-emitter connection with superim- 
posed load line. 


Fig. 4.14 Common-emitter collector characteristics of 
the 2N1308 transistor at 25°C. The two values of base 
current for each curve correspond to two different tran- 
sistors of the same type. 


Vec=5v 
2N1308 

PROBLEM 4.10 The transistor used in Fig. 4.15 has the characteristics of 

Fig. 4.14. Calculate the following: 

(a) Rg, such that Ic = 9 ma with the low f transistor. Also determine Vor. 
Fig. 4.15 Common-emitter circuit (b) With Rg fixed, change to the higher B unit. Obtain a new operating point, 
with approximately constant base and discuss its usability. 
current drive for Prob. 4.10. (c) Readjust Rp to achieve Ic = 9 ma for the high f transistor. Discuss the 

usability of the new operating point. 


Solution: (a) Referring to Fig. 4.14, at Ip = 9 ma (point P,), Ig = 0.15 ma and 
Ver = 2.7 v., The operating point is centrally located in the usable area of the 


characteristi¢ds. Since the base-emitter drop is 0.22 v (see Fig. 4.2), the drop 
across Rg is 5 v — 0.22 v = 4.78 v: 


4.78 
ae 5231 800.0) 
Be oasx ioe ee 


le oo 3 
i} 
oe . 


ees 


ee 


sree: 
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(b) The base current is essentially unchanged with the high f transistor, be- 
cause I, is almost entirely determined by the values of Rp and Vcc. Assuming 
Ip = 0,15 ma on the same load line as before, the new operating point is located 
at P,, where Ic = 19 ma and Vcg 0.2 v. This point is not in the useful oper- 
ating region of the transistor (the transistor is in saturation). 

(c) To restore Ic = 9 ma using the high B transistor, reduce Ip to 0.05 ma, 
thus returning to the original operating point in the center of the linear region. 
A new Rg is now required: 


5 — 0.22 
0.05 x 107% 


: 95,600 2. 


If we now use the low f transistor with the new Rg, the operating point moves to 
near cut-off, point P,. 


ee ee 
ce ue é _ - i 
ao 


ietined os. - 


a 
ae : 
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(B+1)Iczo 
R,R, 
Req= P 
R,+R, By 
Veq ow 
_VeoR, = 
R,+R, 


Fig. 4.16 (a) General bias circuit for common-emitter connection. 
(b) Simplified equivalent circuit. 


(b) 
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PROBLEM 4.12 Refer to the circuit of Fig. 4.17. 
temperature. 

(a) Calculate the current J, in Ry using (4.6), after first determining the ap- 
proximate operating point from the collector characteristics and the load line. 

(b) Calculate Veg at the operating point. 

(c) Calculate S, M, and N*. 

(d) If Icgo = 3 pa at 25°C, what change occurs in Ic due to the change in 
logo at 30°C? 

(e) If Vaz changes by — 2.2 mv per degree centigrade, and is 0.22 v at 25°C, 


find the change in Ic resulting from the change in Vgg if the. temperature in- 
creases from 25°C to 30°C. 

(f) If B is reduced to 0.9 of its nominal value, what is the corresponding 
change in Ig? 

(g) For the conditions of @), what is the change in Ic between 25°C and 75°C? 


Assume I¢go = 3 pa at room 


(Note: For parts (c-f) above, use the approximate expressions for S, M, and N*, 
which apply especially well to small changes.) 


Solution: Refer to the basic formula of (4.6) and to Fig. 4.18 which shows the 
transistor collector characteristics. The formula is repeated here: 


2h (kVcc — Vez) +Icpo (Re + Req) 


1+ 
Io = i ee, [4.6] 
R Reg 
+ 
eats ts B 
Now determine the numerical values of the parameters: 
eRe sat = 1880 gard, Ree e.g DOR 6 apna th 
R,+R, 3650+ 1380 R,+R, 5030 
Rg = 50, Re + Reg = 10500, Voc = Sv, k Voc = 1.370 v. 


Io, mo—> 


Fig. 4.18 Common-emitter output characteristics at 25°C and 70°C 
with superimposed load line. 


Vec=5v 


Input Output 
2N1308 
R, 
=13800, Re=500 


Topo =3yaat 25°C FS 


Fig. 4.17 Common-emitter amplifier 
with voltage divider providing base 
bias voltage. 
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(a) On Fig. 4.18, draw a load line. The resistance which determines the 
slope of the load line is the sum of R; and Reg (since Ic J/g). Estimate the 
approximate voltage at point A of Fig. 4.17 as 

1380 
Va = 5x ————— = 1.37 vy. 
4 © °* 3650 + 1380 . 

From Fig. 4.2, Vez = 0.22 v; therefore the voltage at point B is 1.37- 
0.22= 115 v. For Rg = 50 Q, Ig = 1.15/50= 23 ma. This establishes the op- 
erating point at P, (Fig. 4.18) where Jp = 0.125 ma (by interpolation) and 
Vor = 1.6 v, and 

23 


Boc = D125" 184 (the d-c value Arg, not Ay). 


Having determined the approximate operating point, using (4.6), 
184 (1.37 — 0,22) + (3 x 107%) (1050) 
CS ps ee ee 


185 an 20.8 ma 
50+ 2000 
185 
This corresponds to point P, where Jp = 0.12 ma. 
(b) At P,, Ver = 1.85 v. 
(c) The sensitivity formulae are 
sz 14 Res 1 =e 21 [4.16] 
LY + = = ’ i 
Re «50 
ue Shee! er tains [4.17] 
Re 50 / i . 
SI 20.8 
N* = —2 - 21x “—— = 0,444, ' 
3 x 0.9946 4a [4.18] 
since 
a = = = = 0,9946. 
1+B 185 


(d) At 25°C, Icgo = 3pa. From Fig. 4.1, for a germanium transistor, [¢go in- 
creases to 4.4 pa at 30°C. Therefore Alogo = 1.4 pa and 


Alg =SAlcgo = 21x 1.4 = 29 pa. 
(e) Since, from 25°C to 30°C, AVge = -11 mv, 


Alo -- 3 AVpg = —0.02x A Viz = +0.22 ma. 
E 


(f) The effect of a small reduction in 8 is easily estimated from N* deter- 
mined above: 


_ 184 


Nominal B = 184, a= —— = 0.9946, 
ominal B 185 
164 
Reduced B = 0.9 x 184 = 164, a= 1" 0.9939, 


Alg = N*Aq = -—0.0007 x 0.44 = ~0.31 ma. 
(g) From Fig. 4.1, Icgo is 22 times greater at 70°C than at 25°C: 
Alcgo = 3(22 - 1) = 63 pa, 
Alc =SAleo = 21 x 63 = 1.32 ma. 
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Voc 


Note that a more accurate calculation can be obtained by using (4.6). An example 
comparing the use of the fundamental bias equation with the simple approxima- 
tion above is provided in Prob. 4.14. 
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Fig. 4.19 (a) Generalized bias cir- 
cuit incorporating feedback from col- 
lector to base for increased stabi- 
lity. (b) Simplified equivalent circuit. 
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PROBLEM 4.14 Solve the circuit of Fig. 4.20, for the following quantities: 

(a) The operating point Uc, Voz). 

(b) The sensitivity formulae S, M, and N*. 

(c) Using the results of (b), compute J¢ at 70°C. Assume £ increases 1.5 
times, [ogo goes from 31a to 66 wa, and Vpz changes from 0.22 v to 0.12 v. 

(d) Repeat (c) using the exact bias formula, 


Use the output characteristics of Fig. 4.21. 


Solution: (a) As a first approximation, assume I; and Ig ate equal (a perfectly 
realistic assumption), and draw a load line on the characteristics curve of Fig. 
4,21, Assume further that 1, «Ip, Ip «KI, and therefore, 1¢ ¥Ig. Then, 


R 
(Vcc - lz Rt) ater =IgRg + 0.22. 


it &, 
Substituting numerical values, 
(5 — 100 7,,) (0.455) = 50 I, + 0.22. 
Solve for Iz: 
Ig = 21.5 ma Ic. 


This operating point is shown as P, on Fig. 4.21. Note Ig = 0,12 ma and 
Vor = L8v. 
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o—| 


In put 


Io, ma—> 


R,= 26700, 


Fig. 4.20 Bias circuit incorporating 
collector-base feedback. 


Vee, volt —»> 


Fig. 4.21 Collector characteristics with superim- 
posed load line for Prob. 4.14. 


Hence, 


21.5 
= d-c current gain = —— = 179, 
Bpc & 0.12 
This preliminary calculation has given us an approximate result, in particular, an 
approximate value for Bpc. This value, together with the circuit parameters of 
Fig. 4.20, permit a more accurate calculation of Jc. For convenience, (4.26) is 
repeated here: 


Be Nes Pae (1+ See +lopo |R,+Ru+Re (i+ Sisk 
= 1+8 R, R, 
lee . [4.26] 


Re yy Rit Re ee 
R, 1+B 


The numerical values to be substituted are 


B =179, R, = 3200 0, R, = 2670 Q, R, = 100Q, 
Rg = 50 Q, logo =3x 10° a, Veg = 9.22 Vv; Veco =5v. 
Now make the substitutions: 
179 ann 
—— |5- 0,22 {1+ —— 107°) (3200 + 100+ 112 
P 178 | (+ 20). x ea eA) 
Ns 2 
112 + 100 + 3200 
= 19.7 ma. 


This gives point P, on Fig. 4.21. Since this is in the close vicinity of P, in an 
essentially linear region, the value of 8 may be assumed as unchanged. At P,, 
Vor = 2.02 v. 


(b) The sensitivity formulae are 
Rp (1+ BER) sR, Paee 


2 


16, [4.34] 
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xa -1 
MS = 00105, [4.35] 

Rg + se BE 50+ 00 

1, Rite 14 3300 

R, 2670 

From (4.33), assuming low Icgo at room temperature, “ 
cc 
ae pee 16 19.7 x 107 = 0.316. Ri 
(os 0.9944 


(c) By definition, Alc = SAlcgo + MAVgg + N*AQ. The given data is 


Alopo =+63x 10%, AVpp =-0.1v, Aa = 0.0019. Input 
R, 


Note that at B = 1.5 x 179 = 269, « = 0.9963. For B = 179. 4 = 0.9944. Therefore 
Aad = 0.0019. Now substituting numerical values, 


Ale = 16x 63x 107° + (~ 0.0105) (— 0.1) + 0.316 x 0.0019 Rg 
1.01 x 107° + 1.05 x 107° + 0.60 x 10-° = 


2.66 ma. ~VEE 


At room-temperature, Ic was 19.7 ma. At 70°C, Ic = 19.7 + 2.66 = 22.4 ma.. 
(d) The collector current is 
269 3300 


269 Is _o12(1 
B= OIA E76 


—6 
er + (66 x 107°) (3200 + 100 + 112) Rr 


I¢ 


112 + 100 320° 


270 
= 22.1x 107° a Bip (B+1)IcBo 
= 22.1 ma. 


The excellent correlation between approximate and exact results demonstrates \le 
the validity of the approximation. — 


4.6 Emitter Bias Circuit 


(b) 


Fig. 4.22 (a) Bias circuit using o 
separate saurce of emitter bias 
voltage. (b) Simplified tee- 
equivalent circuit. 
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4.23, calculate the values of I, and S. 


ig. 


it of F 


ircu 


PROBLEM 4.16 For the ci 


RS 
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Observe that 


ine the collector characteristics of Fig. 4.18. 


Exam 


ton 


ut 


Sol 


.63v 


3 


it. As 


ies circui 


we get an estimated J, = 23 ma, and a pre- 


d to Re and R, in essentially a ser 
curately, using (4.37), 


a 
i) 
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lue of B of 184 


B 
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minary va 


li 


(1.37 ~ 0.22) + 3 x 107° (1050) 


184 
- V, I Rz +R 
BE) + Iopo (Re + R,) 185 


Vee 


1000 


B 


Input 


-VEE =~1,37v 


38), 
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PROBLEM 4.17 For a common-emitter circuit with an n-p-n transistor, show 
how to use a diode to compensate for the effects of temperature change on Vpr. 


Solution: Figure 4.24 shows a circuit using diode compensation. The current I 
is adjusted so that Vp (the forward diode drop) equals Vgz (thus cancelling one 
another). The values of R, and R, are adjusted for the required bias. 

The cancellation occurs over a wide temperature range because the diode and 
transistor junctions follow identical laws. The circuit becomes equivalent to 
that of Fig. 4.16 but with Vgz = 0 over the whole temperature range. 


PROBLEM 4.18 The circuit of Fig. 4.25 shows a method of compensating for 
the effects of temperature on Ic¢go. Analyze the circuit’s performance. 


Solution: Leakage current I¢go flows in transistors Q, and Q,. If the tran- 
sistors are matched, the leakage currents should be equal over the temperature 
range. The Io¢go drawn from the base circuit of Q, by Q, results in a reduction 
of BI ¢go in the collector current of Q,. As the component of I¢, corresponding to 
leakage current is I¢go (1+ 8), the effective collector leakage is reduced from 
(8 + Dicgo to ogo, thereby providing the required compensation. 


4.8 Self-Heating 


Fig. 4.24 Circuit with diode bias 
compensation. 


~Voias 


Fig. 4.25 Method of compensation 


for the effect of temperature 
on logo; 


8&6 Transistor Circuit Analysis 


PROBLEM 4.19 For the circuit of Fig. 4.26 at an ambient temperature of 70°C, 
calculate I>. Include the effect of junction temperature rise due to power dis- 
sipation. Assume 6;_, = 200°C/w, and that B is independent of temperature. 


Solution: The circuit is identical to that of Fig. 4.17 in Prob. 4.12. We there- 
fore use the results of that problem as an initial approximation: 


Ig at 25°C = 20.8 ma, 
Alc, (due to change in Iogg) = 1.32 ma (for 70°C), 
M =—-0.02 ma/mv. 
Since we are evaluating operation at 70°C, 
AT = 70°C — 25°C = 45°C, 
AVgg = —45 x 2.2 = -99 mv, 


Alc, = MAVee = (-1.02 ma) (99 mv) © 2 ma, 
mv 


The increased collector current at 70°C can be estimated as 


le 70°) =! (25°C) + Alo, + Alc, = 20.8 + 1.3 + 2 324 ma. 


Topo = 3a at 25°C 


0 1 2 3 4 5 6 7 


Fig. 4.26 Circuit for self-heating 
Vor, volt —»> 


calculation. 


Fig. 4.27 Collector characteristics of the 2N1308 


transistor with superimposed load line. 


From the load line (Fig. 4.27), the operating point P, is at Ip = 24 ma, Vog = 1.4 v. 
Therefore, 


T, = Ta + 9ja (le Vex) = 70 + 200(0.024 x 1.4) = 76.7°C. 


Since it is assumed that 6 does not vary with temperature, a value which does 
not include an I¢go9 component is required. This is obtained; for all practical 
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purposes, from the room temperature characteristics in which I¢go is a very small 
percentage of Ip. From point P, on the characteristic curves, 


Ig =17.5 ma, 

Ip = 0.1 ma, 

pote 175 
Ip 


Using the high temperature value of Icgo, Ic go (at 76.7°C) = 35 x Icogo at 25°C 
(see Fig. 4.1). Now substituting the numerical values in (4.6), 


175 (5. sn 0.12 + (3 x 35 x 107°)(50 + 1000) 


_ 176 \ 5030 


Ip = 24.3 ma. 


5045.7 


This value is close enough to the previously calculated 24 ma so as not to re- 
quire an improved approximation. 


PROBLEM 4.20 In the circuit of Fig. 4.28, calculate [> at an ambient tem- 
perature of 45°C. Assume that I¢go =3 pa at 25°C is the specified maximum 
leakage, and 0), = 100°C/w. Use the characteristic curves of Figs. 4.2-3. The 
diode is adjusted for the same voltage drop as V gz at its operating point. 


Solution: As a first approximation, the voltage at A is 


~- {20 
V,25 (3) + Vp = 0.108 + Vp. 


Since Vp = Vgz, the voltage across Rg is 


Ve = Va ~ Vee = 0.108 + Vp - Var = 0.108, 


1, - VE _ 0.108 
E => 


54 ma Io. 


Re 2 


o Vec =5v 


Primary 
.d-c resistor: 10 


Fig. 4.28 Amplifier circuit with bias compensation 
for temperature variation of Vggz- Voge, volt—> 


Fig. 4.29 Collector characteristics of the 2N1308 
transistor with superimposed load line. 
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Now consider junction temperature effects. Power dissipation = 0.054 Vop. 
On Fig. 4.29, draw a load line for Ry; + Rg = 39. At 54 ma or point P,, Vor 
= 4.84 Vv Vor a Voc —~R, Io _ Rg Iz). This gives 


Power dissipation = P, = 0.054 x 4.84 = 0.262 w, 
Junction temperature = T, = T, + 9; (Ie Veg) = 45 + (0.262 x 100) = 71°C. 


Use this estimated operating temperature for a more accurate calculation of Ig 
by means of (4.6). Since Vg, and the diode forward voltage drops are always 
equal, they may both be ignored with no sacrifice of accuracy. 

In the region of interest, 8 can be obtained from Fig. 4.29. It is the d-c B, 
excluding any I¢go component, which may therefore be taken from the 25°C 
curves (as before). At point P,, Ig = 50.5 ma, Ip = 0.25 ma, B = 50.5/0.25 = 202. 
From Fig. 4.1, logo =I¢go (25°C) x 22 = 66 pa. Substituting in (4.6), 
ane ( x 2) + 66 x 107°(2 + 19.6) 
_ 203 


930 


Io = 52 ma, 


2 + 0.097 
T; = 45 + (100 x 4.84 x 52 x 107%) = 70.2°C, 


This is close enough to the first approximation so as not to warrant an additional 
computation. 


PROBLEM 4.21 If the diode D of Fig. 4.28 is omitted and R, is increased to 
650, calculate Ig at an ambient temperature T, = 45°C. Assume Togo is negli- 
gible at room temperature. Also assume, as before, a thermal resistance of 
100° C/w junction dissipation. 


Solution: Calculate V,: 


Vj SRS 038% 
975 
(approximately, neglecting base current drawn from the voltage divider), 
From Fig. 4.2, Vez = 0.22; Iogo = 3 pa (assumed negligible). Hence, 


VE = Va = Ver = 0.33 = 0.22 = 0.11 Vv; 


fygcee Pee OES ae 


Re 2 


For a more accurate value of Ig, using 8 202, from Prob. 4.20, and sub- 
Stituting in (4.6), 


= (0.33 — 0.22) +0 
Ig = ——___________ = 48 ma. 


2+ 0.3 


Using this value of collector current, estimate the junction temperature T;, 
Let P; = I¢ Veg = approximate junction dissipation. 
Then, 


Eee ae a [5 — 3(0.048)] = 0.233 w. 


T; = Ta + Oj). P; = 45 + 100(0.233) = 68.3°C. 


At this high junction temperature, leakage current increases markedly, and 
must be included in a more accurate temperature estimate. From Fig. 4.1, at 
68.3°C, Icgq = 63 x 10° a. From Fig. 4.2, Ver = 0.12 v. Substituting in (4.6), 
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a (0.33 — 0.12) + 63 x 10% (2 + 60.5) 


I = — 93 ma. 
c 60.5 oe 


203 


Therefore, 
93 x 3 


——— = 4.72 
1000 


Vor =5- 


and 


T, = 45 + 100 (>) (4.72) = 89°C. 
1000 
The temperature at the junction has increased sufficiently above the previous 
estimates to warrent a third approximation. 
Assume now a junction temperature of 89°C. At this temperature, 


Ver= 0.12 - (19 x 2.2 x 107) = 0.078 v. 


(Note that Var = 0.12 at 70°C, and changes -2.2 mv/°C.) From Fig. 4.1, Ic¢go 
increases one hundred fold over the value at 25°C. Again using (4.6), it is found 
that Ip = 117 ma and 


Vor = 5 — 0.117(3) = 4.65 v. 


Hence, 
T; = 45 + (100 x 0.117 x 4.65) = 99.5°C. 


Note that once again the previous calculation was inaccurate, and a try at a 
closer approximation is indicated. 

At 99.5°C, Ver = 0.12 - (29.5 x 2.2 x 107°) = 0.055 v; Icgo = 180 times the 
room temperature value, or 0.540 ma, and Ig = 130 ma. 

This successive approximation process could be continued until the series 
of values of Ig converges, if it ever does. Because a germanium transistor can- 
not operate above a junction temperature of about 100°C, the calculations be- 
come academic; the transistor will eventually be destroyed. This process, re- 
sulting from the reduction in Vg_z with increasing temperature, can be avoided 
by bias compensation. 


4.9 Thermal Runaway 


Vee 


RE 


Fig. 4.30 Simplified circuit for 


analysis of thermal runaway. 
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PROBLEM 4.23 Remembering that I¢go for germanium approximately doubles 
for every 10°C rise in temperature, modify (4.47) by substituting an appropriate 
expression for JIop0/0T;. 


Solution: Let [ogo = leakage current at a reference operating point and tem- 
perature. Let temperature increase from T;g to T;. Then, 
cS eat 1°) 


10 
Icpo =Icpog x2 : 


In logo = In Iogoo + te De In 2. 
Differentiating, 
dloego = In 2 at; 


leap. 10 
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or 


‘ieee = 0.0695 Igg0 = 0.07 Icgo- (4.48) 
j 


Substitute (4.48) into (4.47): 


1 
6,28 


> 0.07 IcBo Voc - 2I¢ (Re + R,)). (4.49) 


This expression applies to germanium transistors. Silicon transistors almost 
never exhibit thermal runaway due to their low leakage. The values of Io and 
Iopo must correspond to the highest design value of junction temperature. Be- 
cause of the approximate nature of the analysis, large safety factors are sug- 
gested in design to avoid thermal runaway. 


PROBLEM 4.24 (a) For the circuit of Fig. 4.28, calculate the stability factor S 
at 70°C. (b) Determine whether thermal runaway occurs at 70°C. Use the col- 
lector characteristics of Fig. 4.3. For this particular transistor, 0). is 100°C/w. 
Assume that I¢go = 200 pa at 70°C, the poorest case condition. At 70°C, Vaz = 
0.12 v, but is compensated by diode D. Thus, variation of Vaz with temperature 
does not aggravate the thermal stability problem. 


Solution: (a) The stability factor is given by the expression 
R,R, 
R, +R, 
R,R, 1 
R,+R, 1+B 


Re + 
[4.16] 


E+ 


Calculations are to be carried out at 70°C. First, calculate the approximate 
emitter current: 


20 


x ———— = 0.108 v 
20 + 910 


Va =, 5 
(since Var = Vp). 
Therefore, the drop across the 2{) emitter resistor equals the drop across 
the R, = 200 resistor: 


Ve _ 0.108 _ 9 054 a. 


lL = = = ——— 
Refer to Fig. 4.31. Draw the load line, locate point P, and determine f in 


this region. This has been done in Prob. 4.20, in which B = 202, so that we wili 
use this value to determine S: 


9 4 20x910 
* 930 
a sO | 
350x910 1 
ate eae ee 


930 =. 208 
From (4.49), 


1, 0.0695 (200 x 10°*) [5 — (0.108) (3)] = 65 x 10°, 
j-a 
1 
S0;, 10.3 x 100 


= 970 x 10% > 65 x 10°. 
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Vor , vol 


Fig. 4.31 Collector characteristics of the 2N1308 transistor with 
superimposed load line. 


This represents a stable system and thermal runaway will not occur. Again, | 
due to the approximate knowledge of I¢po, 6;-2, and therefore 7;, it is important 
to calculate for the worst possible conditions using ample safety factors. 


Experimentally, T, is determined from Vgz. Either the manufacturers’ data 


on Vpz are used, or, if greater accuracy is required, Voce vs. temperature for a 
fixed value of I; may be determined experimentally. 
260 


4.10 Approximation Techniques 


Fig. 4.32 Evaluating V, by an ap- 
proximate analysis. 


PROBLEM 4.25 In the circuit of Fig. 4.32, find Vz. 


Solution: The potential at point A is (260 x 20)/(1740 + 260) = 2.6 v. For a sili- 


con transistor, Vgez = 0.6 v, so that the drop across the 1KQ resistor is 2 v. 


Fig. 4.33 Evaluating I¢ by an ap- 
proximate analysis. 


Vo = Veo — Ig Ry ='20 — 0.002 (5000) = 10 v. 


PROBLEM 4.26 Referring to Fig. 4.33, estimate Io. 


Solution: Assume [ogo = 0: 


Bias Circuits and Stability 


93 


Veg — 0.6 = (10,000 + 2,000) Iz - 10,000 I, 


Ig =O Ip = 0.996 Iz, 


3.4 = 12,000 Ip ~ 9960 I~ = 2040 Ip, 


Io = 1.67 x 0.996 = 1.66 ma. 


PROBLEM 4.27 (a) For the circuit of Fig. 4.34a, when switch Sw is open, find 


Io and V,. (b) With Sw closed, find I¢ and V,. 


Solution: (a) With the switch Sw open, 


Io = (1+ pz )Icgo = (101) x 10 x 10% ¥ 1 ma, 


V, = 20 v —Ig (1000) = 19 v. 


(b) With switch Sw closed, refer to Fig. 4.34b. 
figure shows a simplified circuit for calculation. 


are 
2.6 —-0.6 = 10,300 ly +300 Ic, 


2N929 
hre = 100 
Iopo = 10x10 


At first, disregard Iogo. This 3000 


The equations for this circuit 
2.6v 


Ico =hApgl,. 


Substituting for Ig, 


1 
2 v = 10,300 Ip + 30,000 Ig = 40,300 Ip, or 


Iz = 50 pa, Io =5 ma. 


Now include an additional Ip component due toIcgo. Recall that 


2.6v 
Allg _ s. 
Al cgo 

Approximately Ag =SAlcgo- ic 

The stability factor must be calculated: (b) 

Fig. 4.34 Transistor bias circuit 
gs. Rete _ 10,300 v6 for Prob. 4.27. 
Raw es, 3005 SO 
B+1 100 
Thus, 
Ig (due to Iggo) © 25 x (10 x 107°) = 0.25 ma. 
Therefore, 
Ig (total) = 5 ma + 0.25 ma = 5.25 ma 
90KQ, 

and 


Y= 20 — (5.25) = 14.75 v. 


PROBLEM 4.28 For the circuit of Fig. 4.35, Jogo = 10 pa, hpg = 100. Estimate 
Io and V,. 


Solution: Initially, neglect the leakage component. Replace the resistance di- 
vider bias circuit by its Thevenin’s equivalent source: 


Vig = 30 x 4S 40 ¥, 
135 


45KQ 


Fig. 4.35 Transistor bias circuit 
for Prob. 4.28. 


R,, = 90 K || 45 KO = 30 KQ= Rp. 


This bias circuit feeds the input impedance R,, of the transistor. Using the 
approximate formula (see Table 5.1), Ri, is easily calculated: 
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Rin = Re (1 + Boc) = 5000 (1 + 100) ¥ 500,000 O. 
At the base, the voltage is 


2 500,000 
530,000 


= 9.45 v. 


Since Vpp ~ 0.6 v, 
Ve = 9.45 -0.6=8.85 v 
and 


8.85 
= ——=1.77 maFZ Io. 
* ~ 5000 ° 
Now calculate the current component due to logo by setting R, = Rp and 
using the stability factor $ derived in (4.38): 


Ss Rp +Re _ 30KN+5 KN. , 
ee 30 Ko 5 ko 
1+ Boc 101 


The current component due to leakage is 7 x 10 = 70 pa. Thus, the total col- 
lector current is 


Ig = 1.77 + 0.07 = 1.84 ma 
and 


V, = 30 — (1.84) (5) = 20.8 v. 
PROBLEM 4.29 Referring to Fig. 4.36, determine the values of the resistors 
such that 1, =5 ma, Vog = 8 v, Vz = 6 v, andS = 10. 


Solution: Use the previously discussed approximation techniques: 


lz 216 = 5 ma,, 


Ve =. 6 Vv; 
Rg = ae = 1,200 OQ, 
0.005 
Rin = 240 KQ. 
Using (4.38) for S = 10, 
S- Re + Rp _ 1200+ Rp - 10. 
Rg + Re 1200 + Re 
+ here 201 


Solving, Rp = 11,4002. This must equal the equivalent source resistance of R, 
and R, in parallel: 


R,R, 
(b) R., = Rg = = 11,400. 
ae a 
Fig. 4.36 Analysis of the transistor 
bias circuit of Prob. 4.29. Refer to the Thevenin equivalent circuit, Fig. 4.36b. Note that V, = 6.6 v to 
account for the transistor base-emitter drop. Solving for V.,, 


= 6 


Vin — 11,400 + 6.6 = 0.9 v. 
240,000 
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Equate this to the Thevenin expression for V,,: 


_ R, x 20 


= 6.9 Vv. 
RoR; 


Combine with the previously developed expression for R.,: 


6.9 R, = 20 —*:%2_ — 20 (11,400) = 228,800; 
1 +e 2 
hence, 
R, = 228,800 _ 33 ooo. 
6.9 
Substituting and solving for R,, 
R, ~ 17,4000. 


For Vog = 8 v, V,=6+ 8=14 v. 
5 ma, for R;, = 1200 Q. 


The drop across R,; must equal 6 v at 


PROBLEM 4.30 For the emitter-follower of Fig. 4.37a, what value resistors are 
required for a quiescent operating (Q) point of Ig = 1 ma, Veg = 10 v, and § = 5? 


Solution: IfVoe = 10v, thenVg = Relg = 10v. Sincelz = 1ma,Rzg = 10,0000. 
Determine I, from (4.2): 


Ip = —- Ue ~ Boe + Tego! = 2 - 8 (0.005) = 0.005 ma. 


Boe ~ 100 100 
Refer to Fig. 4.37b. It is necessary to determine Rg = Req, which can be 
established from the approximate expression for S: 
Rr + Rg 
gees: 2m 
Boc +1 
Substitute Rez = 10,000, Bpc = 100, S =5, and solve for Rp: Rg = 42,000 0. 
Referring again to Fig. 4.37b, 


Veg = 10.2+ Rely =10.2+ (42,000) (5 x 107°) = 10.4 v. 


S= 
Re 


This leads to the following relationships: 


Bia ae Ses 
R,+R, 20 


Solving, R, = 81,000 © and R, = 87,500 ©. 


R,R, 
R, +R, 


= Rg = 42,000 0. 


PROBLEM 4.31 


the transistor. 


In the circuit of Fig. 4.38a, estimate the power dissipation in 


Solution: Referring to Fig. 4.38b, the equivalent bias network, it is seen that 
7 9.4V 
~ 0.5 x 10° 
Io = Bocls + Boe + Ico: 
Ig = 1.88 + 0.50 = 2.38 ma, 
V, = Veco - RrI¢ =20 - (5000) (0.00238) = 8.1 v, 
Vog = 8.1 Vv. 


Ip = 18.8 pa, 


[4.2] 


(b) 


Fig. 4.37 Calculation of quiescent 
operating point by estimation. 


Voc =20v 
mQ 5kQ 
Vo 
Bpc= 100 
Topo =3Xx10° 
MQ 


(a) 


500KQ 
+ 
10v 0.6v 
{b) 


Fig. 4.38 Estimating power 
dissipation. 


ad = 0.99 
Togo = 100 pa 
10KO, #E. 


Fig. 4.39 Estimating collector cur- 
rent in a common-base circuit. 
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Therefore, 
Power dissipation =1¢ Vog 
= 0.00238 x 8.1 = 19.2 mw. 


PROBLEM 4.32 In Fig. 4.39, estimate Ic. 


Solution: Since 


_ 10-06 


5 = ———— = 0.94 ma, 
10,000 


the collector current is 


Ig = 0.99 1g +I ogo = 0.93 + 0.1 = 1.03 ma. 


4.11 Supplementary Problems 


PROBLEM 4.33 If Rg = 1000 in Fig. 4.10, does the current increase with 
temperature? 


PROBLEM 4.34 Determine whether the stability factor should be large or small 
for best stability. : 


PROBLEM 4.35 Define the factors S, M, and N. 


PROBLEM 4.36 In the circuit of Fig. 4.17, how can a reduction of gain at audio 
frequencies due to the resistor Rg be avoided? 


PROBLEM 4.37 (a) Determine the effect on S$ of a large resistance in the base 
lead in the circuit of Fig. 4.17. (b) What is the effect of a large resistance on 
stability? 

PROBLEM 4.38 Does temperature effect Vpp? 


PROBLEM 4.39 Determine if the static characteristics of a transistor vary 
with temperature. 


PROBLEM 4.40 If R,=18000, R,= 6800, R, =56Q0, and Rpg = 680 in 
Fig. 4.17, find (a@)S, (b)I¢ at 25°C and 70°C when Icgo = 1 pa at 25°C. 


PROBLEM 4.41 Describe thermal run-away and its mechanism. 


PROBLEM 4.42 In the circuit of Fig. 4.38a, estimate the power dissipation in 
the transistor when a 5-KQ resistor is replaced with a 10-K0 resistor. 
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5.1 Introduction 


Transistor 


stage 


Fig. 5.1 Single-stage amplifier con- 
nected to input generator and output 
load resistance. 


Vcc 


Fig. 5.2 Simplified common-emitter 
circuit for small-signal a-c analysis. 


we can also speak of input and output 


Ka: : : 
Since reactances are neglected at low- and mid-frequencies, 
resistances. 
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a 8 
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Fig. 5.3 The h-parameter equivalent 
circuit for the common-emitter 
connection. 
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Fig. 5.4 Determining the small- 
signal output impedance of the 
common-emitter transistor 
circuit. 
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PROBLEM 5.2 Determine Z;, Z,, Ay, and A, for a common-emitter amplifier using 
the 2N929 transistor, biased so that 7, =4ma and Vee =12v. Assume Ry = 
5000 0 and R, = 500Q. Use the hybrid parameters for the above circuit derived 
in Chap. 3: 


h,, = 2200 Q, 
his 2% 105; 
hye = 290, 


h,. = 30x 10°° mhos. 


Solution: Find Z, by substituting in (5.6): 


Ri hte re 
1 + ee Ri 


= 2200 — $000) (290) (2 x 107) 
1+ 30 x 10-*) (6000) 


= 19500. 


Z,= hie - 


This impedance is not substantially different from h,,. 
Similarly, calculate Z, by substituting in (5.9): 


Zo= i 
h Pe hte hse 
i hi. + Rg 
_ 1 
—4 
30 x 10-6 — (290) (2 x 10~*) 
2200 + 500 
= 118,000 Q, 
Voltage gain is given by 
whee Re [5.8] 


A, = ——————— 
hi, (Ql - Age RL) - Ri hee hee 
Substitute the given values: 


: : - 290 x 5000 
~ 2200 (1 + 30 x 10-* x 5000) - (5000) (290) 2 x 10-* 


_ = 290 x 5000 gay 
2200 (1.15) -290 


Ay 


Current gain from (5.7) is 


lige 290 


3 nee eit eee IY. 
1+h,. Rp 1+ 30x 10-* x 5000 


A; 


PROBLEM 5.3 Describe qualitatively the effect a varying R_ has on the input 
impedance of a common-emitter circuit. 
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Solution: Refer to (5.6): 


Ry, hee h, 
Ceti [5.6] 
+ hoe Rr 
For R;, very small (output short-circuited), 
Z,=h;, (5,10) 
For Ry, very large, 
hee hy. 


Ae ee (5.11) 


oe 


The input impedance decreases between the limits of (5.10) and (5.11) as Ry; in- 
creases. 


PROBLEM 5.4 For the circuit conditions of Prob. 5.2, determine Z, as Ry; varies : 
from 0 to o. 


Solution: Substitute numerical values in (5.6) to determine Z, vs. Ry: 


580 x 10-* R; 


ZOD a Se 
1+ (30 x 10-*) R;, 


Values have already been found in Probs, 5.2-3 for Rr = 0 and 50002. Now Rr = 
100,000 Q and 1 MQ. Then for R, = 100,000, 


580 x 107~* x 105 
1+3 


= 2200 — 1450 = 750 Q. 


Z, = 2200 - 


For R; = 1,000,000, 


580 x 10-* x 10° 
1+ 30 


= 2200 — 1870 = 3309. 
At Ry =, substitute in (5.11): 


Z, = 2200 - 


290 x 2 x 1074 
Z, = 2200 - ——_- =" ek 
i 30 x 10-8 265 0. 


The values of input impedance vs. Ry determined thus far are tabulated below: 


R,,Q Z;,Q 


0 2200 

5000 1950 
100,000 750 
1,000,000 330 
oo 265 


Figure 5.5 shows Z; vs. Rz plotted on semi-logarithmic coordinates, since this 
method provides the most convenient presentation over the complete wide range. 
For high B transistors, R, is rarely above 10,000 Q. Thus, for all practical pur- 
poses, Z, will not vary significantly with R,. 


PROBLEM 5.5 For the circuit conditions of Prob. 5.2, determine Z, for R,z = 
0, 500 0, 10,000 0, and ~, 
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2500 300,000 
Asymptote 
A tot a 
2000 250,000 
{ 1500 200,000 
G 
N G 
1000 - 150,000 | me 
N 
18,000 0 
500 100,000 
0 50,000 
10? 10° Asymptote eee 
at Zz = 33,300 2, 


Fig. 5.5 Variation of input impedance with load re- 
sistance for a common-emitter circuit. 


Fig. 5.6 Variation of output impedance with generator 
resistance for a common-emitter circuit. 


Solution: Use (5.9) which was previously derived for output impedance: 


a Vi 1 
‘ an _Brebre 39 y 19-6 — 290. x 2 x 10 
Oe Bee Reg 2200 + R, 


It is easy to determine Z, for the extreme values of Rg = 0 and ~, At Rg = 0, 


1 


Z, =—————_ = 275, 000 ©. 
30 x 10-6 — 989, 19- 
22 
At Ry = 00, 
as . = 33,300 Q. 
30 x 10° 
Now substitute R, = 500 Q: 
Z,= ee a ees = 118,000 Q. 
30 x 10-6 — 580 x 10 
2700 
For R, = 10,000 Q, 
Z,= as = 39,600 Q. 
R010 a oo 
- 12,200 
Tabulate the values determined thus far: 
R,,Q Z,,. 
0 275,000 
500 118,000 
10,000 39,600 
00 33,300 


Output impedance Z, vs. R, is sketched on Fig. 5.6. 
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PROBLEM 5.6 For the circuit conditions of Prob. 5.2, determine A, and A, for 
R, = 0, 100 9, 1000 ©, 10* 0, 10° 0, 10° Q, and ow. 


Solution: Substitute the hybrid parameters of Prob. 5.2 in (5.7) and (5.8): 


‘n hee 
1 + ise Rr 


7 290 
14 30x 10-°R, ’ 


A; 


= hee Ri 
hi, a + hoe Rr) = Ri hee hee 
_ ~290.Rz 
~ 2200 (1 + 30x 10-* R,) — 290 x 2x 10-* Ry, 
_ ~290 Rr 
~ 2200 + 0.008 R; 


_ = 0,132 Rp 
1+ 3.64 x 107° R; * 


v 


The values of gain, as determined by direct numerical substitution of values of 
R_, are listed below. Although not indicated, A, is negative in all cases. 


R,,Q A; A, 

0 290 0 
100 289 13.2 

1000 282 131 
10,000 223 1272 
100,000 72.5 9670 
1,000,000 9,36 28,400 
oo 0 36,200 


: 
3 


Fig. 5.8 Common-emitter circuit with total re- 


{a) (b) sistonce re in the emitter circuit. The usual 

Fig. 5.7 (a)C : bens pas Hee vest : parallel current source in the collector circuit 

igeset: ta ommon-emi tter circuit with fee bac resistor in the is replaced by a series voltage source to sim- 
emitter circuit. (b) Tee-equivalent circuit of (a). 


plify calculations. [See Fig. 5.7(b).] 
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PROBLEM 5.8 Check the approximate formula (5.19c) against the exact formula 
(5.19a) for the voltage gain of the common-emitter amplifier with resistance Re 
in the emitter circuit. Use the 2N929 transistor at the previously defined operat- 
ing point, with the following parameters: 


r, = 6.60, 
r, = 2600, 
tyg= 34.5kQ, 
B = 290 for R;, = 5000 0, 
rt = 1000, 
= 0.9966, Voc 
r, = 10’. sou 


Ry, = 50000 
Solution: In the exact formula, —R, /tk is multiplied by the following factor: 7 


g066.. 8 
i0” 


1 , 5000 260 / 1 5100 
10’ * 100 \291 * 10” 


Output 


2N929 
= 0.986. 


The approximate formula, A, = -Rz/th, is inaccurate by only 1.4%. Thus, an 
unby-passed emitter resistor provides excellent stabilization of voltage gain. This 
is a special type of feedback which will be described in more detail in Chap. 8. _ 


Fig. 5.9 Single-stage transistor am- 
PROBLEM 5.9 Calculate Z,, Z,, Ay, and A, for the circuit of Fig. 5.9. Assume _ plifier with an emitter resistor for 
that bias is set so that Ic = 4 ma and Vcg = 12 v, corresponding to the operating stabilization. 
point of the previous problem. 


Solution: For the operating point of this circuit, the 2N929 transistor has the 
following tee-parameters: 
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r.=-6.60, 
Re = 93.40, 
te =1r,+ Re = 1000, 


r, = 10 meg, 
tr, = 2600, 

oO = 0.9966 , 
B = 290. 


These parameters are substituted directly in the appropriate formulae to calculate 
the required performance characteristics: 


-Rz, 


* 

1 te+ Ry, * 

T, Bo ey + TE 
c 


ett UY BS ay 


1 5100 
D604 a9. 4100 
(5° 7) +} 


A, = 


This is just 2% less than the approximate value of R,/r* = 50. 
Calculate input impedance: 


1+ _*e 
Zia 4h 4 p20 4 
1,Ru+te 

tq 


nn 
= 260 + 100 (291) 1+ 5x10" _ 95 669 o. 
5100 


* 3.45 x 10° 


Note that the significant component of input impedance is the ré (1+ B) term, 

which in itself gives a fair approximation. Compare the input impedance with the 

much lower value of 1950 (Q) in Prob. 5.2 for the same circuit, but with Rp = 0, 
Now determine output impedance: 


ie Rg fb 
TE 
= 34,500 /1+ —29_\ _ 1.2 Ma. 
* {00 
It remains only to calculate current gain: 
Rei PS a 
R 
14 Set TE 
tg 
1 5100 
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PROBLEM 5.10 By comparing the results of calculations on the circuits of Fig. 
5.9 (Prob. 5.8) and Fig. 5.2 (Prob. 5.2) differing only in the presence of Rg in 
Fig. 5.9, comment on the effect of Re on the principal amplifier characteristics. 


Solution: The amplifier characteristics are summarized in the following tabulation: 


Fig. 5.2 Fig. 5.9 


1950 0 25,660 0 
118,000 0 1.2x 10° 
252 251 
- 647 -49 


The addition of Re increases the input impedance to nearly rh (8B + 1), re 
duces voltage gain to about R, /r=, and increases output impedance substantially. 
Current gain is essentially unchanged. The performance of the amplifier is sta- 
bilized since voltage gain becomes nearly independent of B. 


5.3 Common-Base Circuit 


— 


ae: 


ee 
Se 


a 


Agia Sess 


PROBLEM 5.12 A 2N929 transistor is operated in the common-base configuration 
at a bias point where Veg = 12 v and Ic = 4 ma. For Rg = 10 QO and R; =5 KO, 
calculate (a) Z,, (b) Z,, (c) Ay, and (d) A;. The h-parameters for this operating 
point have already been derived in Chap. 3: 


hip = 7.57 Q, 
hay = 0.27 x 107, 
hy, = -0.996, 


0.103 x 107° mhos. 


Aop 
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Solution: (a) To determine input impedance, substitute the above parameters 
in (5.24): 
4 
Zea tie Arp hep 27.57% _0.996 x 0.27 x 10™ _ 7.79. 
1 2x 107-* + 0.001 x 1074 
Ag, ee 
Ry, 
(b) Similarly, calculate Z, by substituting in (5.25): 
Z, = deat he Se = $n 
B2 hep yy 0.103 x 10-° + (0.996) (0.27 x ) 
hin + Rg 7.57 + 10 
= 614,000 Q. 
1 10 10? ~=©10° ~=610* ~— 108 (c) Substituting in (5.27), 


Rr, Q —> 
A, = 639 (voltage gain). 


(d) Substituting in (5.26), 


(a) Z; vs. load resistance 


A, = — 0.996 (current gain). 


PROBLEM 5.13 For the 2N929 transistor of Prob. 5.12 with the same operating 
point and parameters, calculate and plot Z; as R;, varies from 0 to o. 


Solution: Use (5.24): 


10? 


The general nature of the input impedance variation is self-evident from this 


equation. Letting R, = 0, 1/R, becomes infinite, so that the second term in (5,24) 
vanishes, and 


a 10 )=6 10S 10®~——s«10*~——«2108 Z, = hi. 
Rg, O— Similarly, when Ry, = 0, 
(b) Z, vs. Rg 

4 Ay, Aj Zpsihip nt hep | 

10 Aon 

and when 1/R,;, = hy,, 
h 

Z,= hip - Ay Arp | 

2hop 


This last impedance value is the average of the values for Ry, = 0 and Ry = 0, 
The Ry = 0 and Ry, = » conditions define asymptotes, which make it an easy mat- 
ter to sketch curves showing how Z, varies with R;. 

Substituting numerical values of the common-base h-parameters, 


0.996 (0.27 x 1074) 


1.03 x 10-74 1 


Ry 


Zz; _ 7.57 + 


Figure 5.10 shows a plot on logarithmic coordinates of Z, vs. Rr. Note that Ry 
10° has minor influence on Z;, until it exceeds about 100 KQ.. Since such high values 
are usually not practical, Z, =h,, is a constant value in this common-base con- 
nection. For the tee-equivalent circuit, Z; Yr, +r, (1 = a). 


1 10 10? 10 = 10° 
R,,Q— 
(c) A; and Ay vs. Ry 
Fig. 5.10 Typical performance char- 


acteristics of single-stage audio PROBLEM 5.14 For the common-base connection and the operating point of Prob. 
amplifier. 5.12, determine the variation of Z, vs. Rg. 
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Solution: Use the common-base h-parameters of Prob. 5.12: 


1 
Z, =. [5.25] 
ee hyp hep 
o 
hip + Rg 


As an aid to plotting, determine the limiting values where R, = 0 and Rg = ~. 
At R, = 0, 


Zo —4 eae. Dawe 
hos = tb hep 
hip 
At R; = oo, 
Gin Ee, 
hos 
Substitute numerical values: 
76% =e 0.27 x 107*\ * 
0108 10S oe ee 
7.57+R, 


and Z, is plotted vs. Rg on Fig. 5.10. (Note that at Rg = ~, Zo = t- of the tee- 
equivalent circuit.) 

Although Z, varies sharply with R, in the useful region where Rg is of the 
same order as h;,, Z, generally is not critical in circuit calculations. Thus the 
variation shown typically in Fig. 5.10 is not too troublesome. 


PROBLEM 5.15 For the common-base connection and the operating point of 
Prob. 5.12, determine the variations in A, and A; vs. Ry. 


Solution: Use the same common-base h-parameters of Prob. 5.12: 


A; = hip 
1+ hop Rt 
2 - 0.996 
“141.03 x 10-7 Rp 
Ass ; —hp 
R,* hip hon — Aen Are 
a 0.996 
EST : ; 
mt 7.57 (1.03 x 1077) + 0.996 (0.27 x 10~*) 
L 


Current and voltage gains are plotted in Fig. 5.10. Note that current gain is 
almost independent of R,. Voltage gain, on the other hand, is very much a func- 
tion of load, as might be expected. 


5.4 Common-Collector Circuit 
(Emitter-Follower) 
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PROBLEM 5.17 Using the h-parameter formulae for the common-collector con- 
nection, determine Z, as a function of Rp. Use the same operating point as in 


Prob. 5.12, and the corresponding numerical value of the h-parameters developed 
in Chap. 3: 


hy, = 2200 ©, 
h,¢ = 0.9999, 
hee = -291, 


h,. = 30 x 107° mhos. 


Solution: Substituting the given values in (5.28), 
(- 291) (0.9999) 


30 x 10-8 4 
Ry, 


Note that the asymptotes for R, = 0 and Ry = described in Prob. 5.13 apply 
here, and are important plotting aids. 


D2 22002 


At Ry = 0, 
2; = 2200 = h,,. 
At Ry, =, 
291 
Z, = 2200 + ————-. = 9. : 
;= 22 * 3010-8 9.7 MQ 


Substituting additional values for Ry, and calculating Z,, the required variation of 
Z, with Ry is derived (see Fig. 5.10), 
For the practical range of Ry, the expression for Z,; may be simplified: 


Z; = hie = hee Rt. 
In terms of other familiar units, 
Z,=h,.+(8+1) Rr, 


since h,, = h,, and hy, = ~ (1 + 8). 
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a 
en 2 of the - 
agains fom en bee 
e normal tg wd 


PROBLEM 5.19 Proceeding as in Prob. 5.17, and using the same operating point 
and equivalent A-parameters, determine A, as a function of Rr. 


Solution: The applicable formula is 


—h 
ee te Ry [5.31] 
hie (1 + hoe Ri) - Ru hee hee 
Rewrite this expression: 
fy, ; ry 
h..-~—!2 (h oe 
he Re 


Since h,, is the major term of the denominator, its more accurate value is required: 


hy, =1- bre 
(see Fig. 3.26c). Substituting, 
ae h hic 
1—h,, — 2 (h,.) -—+¢ 
a hee hee Ri 


Using the h-parameters for the common-collector circuit, and h,, = 2 x 10™, 


1 1 


6 — e 
(30 x 10-4) (2200) 2200 4 ggg , 7:57 
291 291 Rp R, 
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PROBLEM 5.20 Proceeding as in Prob. 5.17, and using the same operating point 
and equivalent h-parameters, determine A, as a function of Ry. 


Solution: The applicable formula is 


yee) amen 5.30] 


hee -291 


10.0 
350 
250 
1.0 
200 
4 < 150 
Cc 
& 
= 
eo 100 
a 
fa} 
se 
50 
0 
0.01 10° 10° 10? 10° 10° 10° 10° 10’ 
R,,0Q—> 
Fig. 5.12 Variation of A; with Ry in common- 
collector amplifier. 
0.001 
10° =. 10° 107 10° 10° 10° 10° 10° 


R,,0—~ 


Fig. 5.11 Deviation from unity of voltage gain of 
common-collector amplifier with load resistorR;. 
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TABLE 5.1. Single-Stage Amplifier Formulae 


A, =~2 
v1 
h-parameters -Rihy 
(Second subscript hell Rel hs = tube) 
omitted) hy 
ae aye (a+2)R, 
tot, (1-0) 424, —&———__= 3 c = 
Common-base 1+ Rut te r, (2 a “). tT, ( - M+ 42) 
tee-equivalent € e i 
circuit Yrotm (1-4), “ aR, ret Re oy 
(see Fig. 2.31) F R R,\’ Te 
2«p «1 ro+r, (1-04 —= 
Fe Ta fe. 
1+ ite B r3 
retrg(l+p) —2 +P) Ry B+l ra(B+) 
Common-emitter 1, Rutte air eee ( re) 
Poe ta 148+) (B+) 721+ 8) +B) ta 
circui Yr, + 12(1 + B), 
(see Fig. 2.31) eae B ~_ Re , 
re 


Note: r8=r,+Re; 
Rg = circuit resistance 


Rr +t3<Kra 


m“Krg, Bl, Ri «ra 


in emitter 
Pan (Ri +t)(B+1) 1 
1, Rut+te)(B+) 1, Rette 1,2 [re (1+)+ tr ji 
Common-collector Fe rq (1+) re t,/ 1+BIRL 
tee-equivalent Yr, + (Rp +r,)(B +0, Robe 1 1 
circuit se x : r =e 
(see Fig. 2.31) te > (Rr + te)(B + 1) +B 1 +(e +f \e 14s 
1+ B/R, L 


Rare 
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Vec 


Fig. 5.13 Single common-emitter oha 
circuit. a 


over a very wide range. ‘Furthermore, » we can neem 

high frequencies, a 
Figure 5,13 is the singe cininion erties cinculy: F 

Fig. 5.14 Hybrid-7 equivalent cir- oy the hybrid-7 model of Fig. 5.14. The low-frequency co 

cuit for common-emitter connection. h-parameters ate given by Table 3.1, with That arb 

sents a concise Procedure for direct measurement 


aoueh the aS results are general, only 
numerically, because of the extreme complexity « 


Fig. 5.15 (a) Hybrid-7 equivalent circuit set-up for calculating input impedance. (b) Substitution of complex 
impedances. 


*Note that in the remainder of this Chapter, rms values are used rather than instantaneous values. 
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A =real number = 1+ 8p, ZL feo 
ZL + Tee 


(d) 


Fig. 5.16 (a) Replacing the current 
source of Fig. 5.15 (b) by an equiv- 
alent voltage source. (b) Further 
simplification of input impedance 
circuit with only passive elements. 
(c) Extension of (b) to include rpp!. 
(d) Circuit of (c) in which complex 
impedances are replaced by resis- 


PROBLEM 5.21 Referring to the output circuit of Fig. 5.17b, where tance capacitance equivalents. 
I, = j10~*a, 
V,',= 107’ v, 
te. = 10° 0, 
Z,=5~x 100, 
8m = 9.1 mho, 


calculate [, and V,,. 


Solution: Establish the current source: 
bm Vole = 107 x 10-7? = 10-* a= 1 ma. 


The currents may be summed at the node: 


I, + [, = Vee = 8m Vole ’ 
Tee 
where the current through r,. has the direction shown in Fig. 5.17b. Since I, = 
-Vee/Rzi> Vce is the only unknown in the above expression. Substituting numeri- (b) 
cal values and solving, Fig. 5.17 (a) Output portion of 


hybrid-7 equivalent circuit. 


Vee = — 4.76 qd = 0.1)) Vv, [Vea = 4.8 v. (b) Expansion of (a). 
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TABLE 5.2 Direct measurement of Hybrid-7 parameters. (Refer to the hybrid-7 equivalent circuit of Fig. 5.14.) 


1. Refer to Fig. (a). Capacitors C, and C, are effective short-circuits to a-c test signals. Set 
Ry, and Rp for the desired operating (Q) point. The value of Rg > Z;, so that bias current 
to the base is essentially constant. With the short-circuit from the collector to the emitter 
(due to C2), Cy’e and Cp’, are essentially in parallel with rp/,. Apply a sufficiently high ; 
frequency (say 5 times fpre) from base to emitter, so that Bis effectively short-circuited to Ge 
ground. Measure i; and vpe to determine rpy’. More accurately, we can measure the resistive °—{ 
component of Z; with a suitable impedance bridge. (Note that since rp/, > rp',, there is Zi 
negligible error in neglecting rp‘, at the frequency in question.) 


. Compute the remaining low-frequency hybrid-7 parameters from the previously derived formulae: 
hie — thb'~ 

tfp!, = ——-—"——_ =h ame : 
b'e Cohn ie — fob’, 
_ Fie — top! 
h 


, 
re 


1+ hteo. —hre ~v 

oo = Ne, 

hie — thp! 

Em = hteo ‘ 

hie — th! 

. The circuit of Fig. (b) is used for measuring Cp’,. The emitter impedance is sufficiently 
large so as to present an essentially open emitter to a-c. Resistance Ry is high enough 
so as not to shunt the collector-base capacitance too heavily. Using a capacitance 
bridge between points B and C, measure Coy, the output capacity for the common-base 
configuration with emitter open. The measurement is to be made at a frequency such that 
the reactance of Cy*, is much greater than rpp/ and much less than rp!,. In performing (b) 
the capacitance measurement, note that the dissipation factor is small, confirming that the test frequency has been 
properly selected. Output capacity Co,, thus measured, approximately equals Cpe. 


-VEE 


The measurement outlined here establishes the value of Cop Cole, plus lead capacities, and the so-called overlap- 
diode capacity, which is the capacity between electrodes outside the active transistor region. These must be sub- 
tracted from the measured capacitance. Unfortunately, an accurate determination of Cpy', is not easy. Conveniently, 
however, Cop is usually specified by the manufacturer for high-frequency transistors. 


- To measure Cp!,, refer to Fig. (c). Capacitance C is a short-circuit at the 
test frequency. Resistance R is a small resistor, chosen to measure current 
ic by its drop vp = icR. The value Rg > hie, so that ip is essentially a con- 
stant base current, ip = vg/Rg. Since R is a very small resistance value, 
Vee as 0, so that from the point of view of input impedance, Cy/, is effectively 
in parallel with Cy’,. Also rp’, > rp’. 


For these conditions, the hybrid-7 circuit corresponding to Fig. (c) is ap- 
proximately as shown in Fig. (d). The following expressions apply to the 
circuit of this figure, * 


VR =i,-R=R8mVp'e, 

= Rago rp'eL1/j2(Cp'e + Co!) 

= m Ne 
Rg thle + [1/jo(Cpigt+ Cr'c)] 


(d) @mYb'e 
By measuring Vp at low frequency, say 1000 cps, and at the much higher frequency where Vp has dropped to 0.707 
of Vp at low frequency, we determine fps. where 
7 1 
e = —————_ 
27 Ente (Cote + Coc) 
Thus, since C,‘’, is known from the preceding step, 


1 1 
Cytp = ——— 
2Tthte the 


tre 


Cote + Calc = —Cple- 


(area rams : 
27 thtetb'e 


Manufacturer specification sheets usually give fp¢.. Sometimes the transistor manufacturer gives fr=hygofhte, @ 
gain bandwidth product. In this instance, the a cut-off frequency is 


fr = hteofnte = (1 + Ateo) fhte = fntn- 


*Note the use of rms vectors rather than instantaneous valués in the following equations. 
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Solving for 1, =-—Vece/RL » 
I, = 0.95 x 107° (1 -— 0.1j) a; |I,| = 0.96 ma. 


(a) Ze 
14da25 
thpl+Zg)Z 
poems e) Pp zi 
tpl t+ZgtZp es A 
1+8mZp 


(b) (c) 


Fig. 5.18 (a) Hybrid-7 equivalent output circuit. (b) Simplified equivalent of (a). 
(c) Final simplified representation. 


PROBLEM 5.22 Develop the input impedance network representation of the com- 
mon-emitter amplifier circuit of Fig. 5.19. 


Solution: The model of Fig. 5.16d is applicable and will be used for the solution 
to this problem. Direct substitution is all that is required: 


fee 
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A=1+g, Rt fee | 


Ry + ree 


Substituting numerical values from Fig. 5.19, A = 685. Continuing, 


Br) 200 57:3) 
A 685 
foe _ 435,000 _ e350, 
A 685 
‘7 
fove _ 10" | 14,600 Q, 
A 685 


AC yy, = 685 x 5 = 3425 py. 


Transistor hybrid-77 parameters 


These calculated results are shown on the hybrid-7 circuit of Fig. 5.20. Sev- 


es : 7 — mies eral interesting results are evident. The 7.3 Q effective resistance from collector 
ten. =10’70 to base is so low that it acts as an effective short-circuit. Point C is therefore 
tpl, = 21000 substantially at ground potential. Thus, as far as input impedance is concerned, 
toe = 435KQ, AC,-. is in parallel with C,-,. This multiplication of capacitance, leading to a 
ee 7 oe comparatively very large capacitance in shunt across the input, is known as the 
a . 
aie: enue Miller effect. It is an example of the effective amplification of an impedance in 
Fig. 5.19 Common-emitter circuit an active network. Although r,-, is also ‘‘transformed’’, it is relatively so large 
with parameters corresponding to that its effect is usually ignored. 
Prob. 5.22. 
Thole _ 
= 14 6KQ 
ACy!, =3425 pt 
Cole 
Fig. 5.20 Hybrid-7 equivalent input circuit corresponding to the 
configuration of Fig. 5.19. 
a as F PROBLEM 5.23 For the amplifier circuit of Fig. 5.19, determine the frequenc, 
2 where voltage gain falls to 0.707 of its low-frequency value. 


ron Solution: The circuit of Fig. 5.20, developed in the preceding problem, still ap- 
plies. Simplify as shown in Fig. 5.21 and calculate V,),: 


= Th’ eth’ o/A R, 1 
Ry = ——————_ = 1835 joc, 
lh’e + fp’ /A ar a 
R,= Rg + typ’ = 21000, R, + - 
Cy = Cy + ACy- = 3675 wut Vb'e —} OG é — eS: ears V " (5.39) 
7 : R 1 R, (1+joC,R,)+R, ° 
Fig. 5.21 Simplified form of the in- 1 joc 
put circuit of Fig. 5.20. R,+ Ao Eee 
1 
R,+ 
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Now calculate I,, assuming that the collector is essentially at ground potential, 
and that rz’, > 1/(jwCp*,) in the significant frequency range. Thus, directly from 
Fig. 5.20, 

Vole 
a ae 
jo Cy. A 


Referring to Fig. 5.17b, with Vz", and I, known from (5.39) and (5.40), and recog- 
nizing that r,, >> Zz, 


I= (5.40) 


8m Vo'e =1,+1,- (5.41) 


Substituting numerical values, V,‘, and I, are calculated, from which I, is directly 
obtained: 


1835 % 
1835 + 2100 (1+ jw 6.75 x 10-*) °’ 


I, = j@ 3425 x 10-*? Vy. 


Va'g= 


Substituting in (5.41) and simplifying, 


_ 253 (1 = 0.0248 jw x 10-*) 


[pe ee ey 
3035 (1+ 0.362jax10-) 


The frequency of interest, where the output falls to 0.707 of its low-frequency 
value, coincides with the 0.707 point of J,. This frequency is where the phase 
shift is approximately 45°. For simplicity, and because it is justified by the 
general accuracy of this type of calculation, we neglect the imaginary term in the 
numerator of the above expression for /,. The required frequency occurs where 


0.362 w x 10-6 = 1, 
corresponding to 


f = 440 K Hz. 


PROBLEM 5.24 Calculate the input impedance Z, for the amplifier circuit of 
Fig. 5.22 at w = 10° radian/sec. Neglect r., and rpc. B 


Solution: Use the model of Fig. 5.16. Now, 
A=1+6, 21 =1+46,, ZL. 
Since Z, =joL, 
A=1+46,, GoL). 


Substituting numerical values, 


A=1+ (0.138) G5 x 10-* x 10°) = j 690, 


(at w = 10°) =~ j2~ 105, 


jo Cac 
Z, -j2x10 
tn =— 290 O, 
A 7690 
Zi 75000 
—= =7.29. 
A 7690 : 


The equivalent circuit representing input impedance is shown in Fig. 5.23. The 
series resistances may be added and combined with r,-, for an equivalent shunt 


Vec 


5x10%h 


Fig. 5.22 Common-emitter amplifier 
circuit applicable to Prob. 5.23. 


1000 
Cole 
_327 Q = 250 pyt 
Itp'e 
= j 40000, 
at @ =10° 
(b) 


Fig. 5.23 (a) Equivalent input im- 

pedance circuit corresponding to 

the amplifier of Fig. 5.22. (b) Sim- 
plified equivalent of (a). 
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resistance of — 327 Q. Input impedance is then readily calculated as 
Z, =~ 3980 — j 32.5. 


The input impedance is negative, which occasionally occurs when amplified im- 
pedance is reflected back to the primary. For this condition, the amplifier will 
behave as an oscillator. 


5.7 Supplementary Problems 


PROBLEM 5.25 If A;, = 3000, ho. =10-°O, h,, = 10-*Q, and A;, = 20000 in 
the common-emitter circuit of Fig. 5.2, calculate (a) Z; and Z, for Ry = Rg = 
10,0000, (b) the current and voltage gain for Ry = Rg = 10,000, and (c) the 
value of Ry which yields the maximum power gain. 


PROBLEM 5.26 Determine the effect of a change in R;, on the input impedance 
Z,; for a common-emitter circuit. 


PROBLEM 5.27 Calculate the common-emitter tee-equivalent circuit for the 
transistor of Prob. 5.25. 


PROBLEM 5.28 Find the effect on the tee-equivalent resistor of Prob. 5.27 
when a resistor Rg is added in series to the emitter. 


PROBLEM 5.29 A resistor R = 100 Q is added in series to the common-emitter 
circuit of Prob. 5.2. Calculate (a) Z;, Z,, and the current and voltage gains when 
R, =R,g=10,0000, and (b) the value of R that yields the maximum power 
gain. 


PROBLEM 5.30 Discuss the advantages and disadvantages of the tee-equivalent 
circuit. 


PROBLEM 5.31 Derive the formulae for Z;, Z,, A,, and A, for the common- 


i 
emitter circuit using (a) A-parameters and (b) tee-parameters. 


PROBLEM 5.32 Why is the common-collector circuit useful? What are its main 
characteristics? 


PROBLEM 5.33 Define 8 cut-off frequency. 


PROBLEM 5.34 Find the gain change from 0 to 1 MHz when a transistor with a 
B of 300 and a B cut-off of 10 MHz is used (a) in a common-emitter configuration 
and (b) in a common-base configuration. 


PROBLEM 5.35 In the circuit of Fig. 5.22, use a transistor whose hybrid-7 
parameters are given in Fig. 5.19. (a) Calculate the input impedance and volt- 
age gain without neglecting r,, and ry-,. (b) Compare the results of part (a) to 
those of Prob. 5.24. 


CHAPTER 


MULTI- STAGE 
AMPLIFIERS 


6.1 Introduction 


in previous chapters, part icu- 
: multi-stage eeplinent: There 


t reuit or model, a 


For the two-stage amplifier of Fig. 6.2, calculate the small- 


PROBLEM 6.1 
signal ac quantities R,, R,, and A,. Use the parameters for the 2N930 transis- 


tor given in Tables 6.1-2 and Appendix A. 
Figure 6.2 shows an emitter-follower stage feeding an output emitter- 
follower stage. Our first step is to estimate the bias voltages. 


Solution: 
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TABLE 6.1 Type No. 2N930. 


Electrical 
Parameters 


2100 17 


hon® 0.045 x 10% 0.056 x 10° mho 
hie i 200 370 
Aaa 1.5 x 10“ 2.3 x 10" 
Rj, Ro = input, output resistance, respectively, A," 420,000 6300 ohm 
of two-stage amplifier a es 2 
R,,, Ro, = input, output resistance, respectively, hog 9x 10 20.8 x 10 mho 
Nes first stage hye ** 201 _371 
Ri» Ro, = input, output resistance, respectively, Pr 
of second stage h 1 1 


C = coupling capacitor, assumed infinite 


R, = 25000 
Rg = 20000 
Ri = 1.78MQ 
R, = 2.27MQ 


* Published data 
** Derived data using conversion formulae of Chap. 3 


Fig. 6.2 Two-stage direct-coupled emitter-follower 
amplifier. 


Electrical 
Parameters 


hop 

hyp 

tr. = 1/h,, 
hye = hip (1 + Age) 

hoc = Aon (1 + Age) 

hye = Aighoy (1 + hte) hyp 
th = hye — to (1 +hye) 

To = hye/hoe 
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25°C | 100°C 25°C | 100°C 25°C | 100°C 


320 
30 
0.076 x 10° 
1.8 x 10° 
13.2 x 10° 
9630 
24.4 x 10° 
5.5 x 10% 
2230 


TABLE 6.2 Type No. 2N930. 


Unit 


460 340 | 480 360 | 500 
36 20 ! 24 16 | 20 ohm 
0.086 x 10° | 0.11 x 10% | 0.13 x 10% | 0.15 x 10* | 0.18 x 10 | mho 
2.5x10* | 2.0x10* | 2.8x10* | 2.2x10* |} 3.0x10* 
11.6x10° | 9.1x 10° | 7.7x10° | 6.7x 10° | 5.57 x 10° | ohm 
16,650 6820 | 11,600 5780 | 10,000 | ohm 
39.6 x 10° | 37.4x 10% | 62.5x 10° | 54x 10° | 90.5 x 10 | mho 
11.7x 10% | 5.5x10* | 12.2x10* | 64x10* | 15x10" 
2750 1710 | 2450 1330 | 1500 ohm 
| | 
| | 
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15 12 17 


To determine the d-c bias at the base of the first transistor, point A, apply 
Thevenin’s theorem to the voltage divider consisting of R, and R,. The equiva- 
lent source voltage and resistance are 


_ RVog _ 2.27 x 20 
R,+R, 1.78 + 2.27 


R,R, _ 1.78 x 2.27 _ 
R,+R, 1.78 + 2.27 


Veq = 11.2 Vv, 


If base current is neglected, the potential at point A is 11.2 v. 
Between point A and the output V,, there are two base-emitter drops in 
series. These are approximately 0.6v each for silicon transistors at room tem 
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perature, Thus the potential at R, becomes 11.2-2(0.6)=10v. For R, = 
2500 0, the dec bias current is 10/2500 = 4 ma. 
From Appendix A, Apg at 4ma is 300. The base current I,, is 


_ 4x10" 


'B.= 309 


= 13.3 pa. 
Base current Ip, is, of course, the emitter current Tz of the first transistor. For 
this current, hyp is approximately 150, so that 


_ 13.3x 107° 


Ta, 150 


= 0.09 pa. 
This base current (previously assumed negligible) somewhat reduces the po- 
tential at point A. Since the Thevenin equivalent source impedance at A was 
calculated to be 1MQ, the additional drop due to Jp, is about 0.09 v. The po- 
tential at A is more accurately 11.2 - 0.09 = 11.11 v. 

Again referring to Appendix A for base emitter drop, and assuming collector 
and emitter currents to be essentially equal, 


Ver, = 0.5 v at To, =13 pa, 


Var, = 0.61 v at Io, = 4ma, 
so that 


Ve, = 11.11- 0.5 - 0.61 = 10 v. 


The first estimate of Vg, = 10 v is valid, so the above calculations need not 
be repeated. 

What we have accomplished thus far is a necessary first step in all amplifier 
calculations, namely, the establishment of d-c operating (quiescent) levels. We 
now have to determine from the transistor curves the small-signal h-parameters 
corresponding to these levels. For the present problem, these parameters may be 
obtained from Table 6.1. 

Now we calculate input impedance R;, of the second stage, which is easy 
since the load impedance Ry, is given: 


[5.28] 


Substituting numerical values from Table 6.1 and Fig. 6.2: 


(- 371) (1) 


R;, = 6300 - ———_-_, 
: 20.8 x 107° + 0.4 x 107° 


= 886,300 1, 
which becomes the load impedance of the first stage, thus making it possible to 
calculate its input impedance: 


(- 201) () 


R,, = 420,000 - = 20Ma. 


9 x 107% + 


886,300 


This is the basic a-c input resistance of the first stage. It is shunted by the 
bias resistors, R, and R,, which constitute an equivalent 1MQ shunt. The net 
input resistance of the first stage is 


R= 1x 20 
21 


MQ = 950,000 Q. 


Now calculate A,, the gain from point A to R,. We obtain this by calculating 
separately the first and second stage gains, A,, and A,,, and multiplying: 
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A, = Ay, x Ay,. 
Again, using the formulae from Chap. 5 (after some simplification), 
Ay, = - = — = 0.9976, (5.31] 
1+—= 14 eon 
Ry 886, 300 
Ag et SG 055 
1 17 
+ a 
2500 


A, = Ay, x Ay, = 0.9976 x 0.993 = 0.9906. 


This figure is modified by the loading effect of R; on the generator source ink 
pedance R,. The loss in gain is 2000/950,000 = 0.00210, Including this attenua- 
tion component, the overall gain becomes 0.9885. 

To calculate the output impedance, proceed from the input to the output: 


1 


R,, = ‘ 5.29 
” hee hy, I 
oc hic - R, 
Substituting numerical values applicable to the first stage, 
R., = : = 2060 2. 
201 


9x 107° + ——__~——___ 
0.42 x 10°+ 2000 

The output resistance of the first stage R, , becomes the equivalent source im- 
pedance for the second stage: 


Bo, = 371 
DASCAO ae 
6.3 x 10° + 2.06 x 103 


= 24.80. 


This is a very useful amplifier circuit, with an input impedance of about 
1MQ, and a 25Q output impedance. Voltage gain is approximately 1.2% less 
than unity, making this two-stage device well suited for good isolation of source 
and load. 


6.2 Capacitor Coupling 


asian 


“i nt : 
if 


. 
oe 
a | 


3 ut 
. 


. 
L 
iF . 
i 


oe 


: ee 2 : 
a a \ 
- 


: 
le 


iS 


i) 
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1 V4 


Fig. 6.4 Equivalent circuit for in- 
terstage coupling of amplifier 
stages of Fig. 6.3. 
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Ve 
Vao 


Asymptotes 
Ri, 


Ri, +Ro, 


O—> 


Fig. 6.5 Gain characteristic of in- 
terstage coupling network plotted exact 
very conveniently on log-log ted 
coordinates. or 

of 


PROBLEM 6.3 Refer to Fig. 6.3 and assume the following circuit parameters: 


R,, in parallel with R,,=1MQ, hy, = 22000, 
R, =1KQ, hy. = 290, 
Cr, =Ce,=C, =~, hye = 2x 10, 
R,, = Rr, = 5KQ, hoe = 30 x 107° mhos. 


What is the value of C, if gain is to be 3 db down at w = 500 radians/sec? 


Solution: Calculate R, , and R,,, using the formulae from Table 5.1: 


—4 
Ri, = hie - ttefre  _ 999 — emer a = 19500. 
3 30 x 107° + 200 x 107° 
ise a aca 
L 
Now find R, |: 
Ris = : — = 84,400 2. 
pce tr 39 x 19-6 — (290) 2 x 10 


hig + Rg 2200 + 1000 
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This is in parallel with R, , = 5 KQ, so that 


Goes 5 x 84.4 
°1 5 + 84.4 


=4.7KQ. 


Now examine the universal curve (Fig. 6.5), noting that the gain is down by 
3 db at the corner frequency where w = w, The expression for w, is 


1 


Ss GRR) [6.1] 


2 


Substituting numerical values and solving for C,, 
1 
@,(R;, + Ro,) 
Se oe ae et 
500 (1950 + 4700) 
= 0.3 pf. 


C,= 


This is a typical coupling capacitor value in a common-emitter circuit. If Re, 
were not by-passed, R;, would be larger and C, smaller, but this also results in ~VEE 
a loss of gain. 


PROBLEM 6.4 For the circuit of Fig. 6.6, find C,, such that the low-frequency 
3 db attenuation point is located at w= 500 radians/sec. Use the transistor + 
parameters given in Fig. 6.6. 


Vee 


Solution: Refer to Table 5,1 for the formula for input impedance of a common- 


base circuit: hip = 7.870 = 
hyh hyp = — 0,996 
R, = hy —- —2 2. hop = 0.103 x 107% mho 
fie hyp = 0.27 x 1074 
° 
Ry Fig. 6.6 Common-base transi stor 
Substituting numerical values, circuit fed with a constant cur- 
rent emitter bias. 
0.996 x 0.27 x 10~‘ 
R, = 7.57 4 ————————————. * 7.70 0. 
: 0.103 x 107° + 200 x 10° 
Since w, = at 
7.70 C, 
1 
Cc, = ————— = 260 pf. 
500 x 7.70 


The low input impedance of the common-base circuit leads to an inconveniently 
high value of input coupling capacitor. 


PROBLEM 6.5 Referring to Prob. 6.3, determine C, for a 3 db low-frequency 
attenuation at j = 500 radians/sec, omitting by-pass capacitor, Cg,. Use the 
tee-equivalent circuit with the following parameters: 


B= 290, R,,= Rr, = 5KQ, 

tr. = 6.670, Ry, ll Ris = Rei |Rp. = 1 MQ, 
r, = 9.7 MQ, R,=1KQ, 

t, = 2600, Rz, = 1KQ. 


Solution: Again use Table 5.1 to determine R;,: 
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aarp 
ta(1+ 
Ri, = ty + t8(1+ B) er 
14+ Api +Te 
ta 
Substituting numerical values, 
R;, =-265 KQ, 


which in parallel with the equivalent bias network resistance of 1 MQ leads to a 
net R; = 209 KQ. From Prob. 6.3, 


Ro, = 4.7 KQ. 
Therefore, 


1 
~ C, (209,000 + 4700) — 


C, ~ 0.0094 uf. 


500 [6.1] 


Do 


With Ry, unby-passed, C, is conveniently small. However the secondestage gain 
is considerably reduced. 


PROBLEM 6.6 Refer to the two-stage common-emitter amplifier of Fig. 6.7, 
Calculate C, so that low-frequency gain is 3 db down at w = 500 radians/sec. 
Also calculate the voltage gain from point A to V,. Use approximate methods 
where applicable in order to simplify calculations. 


Solution: The Starting point is the calculation of Ro, and R;,, We may make 
some simple approximations without significant loss of accuracy, Generally, for 
R, £5KQ, 

R;, = ty + (fe + Re) (1+ B). 


Estimate the value of r, from the d-c emitter current, /;,. The bias at point 
B is estimated by considering R, and R, as components of a voltage divider 
across Voc: 


Bias at B = a Ve Soe ee. 
R,+R, 80+ 20 


(This neglects base current in Q,.) Assuming a 0,6 v base-to-emitter voltage 
drop in Q, (a value characteristic of silicon transistors at room temperature), 


Ve,=5-0.6=4.4v. 


Emitter current is readily found: 


4.4 


= —————__ © 2.9 ma. 
500 + 1000 


E, 


From (1.11), 


This value may indeed be neglected when added in series with the unby- 
passed component of emitter resistance Rr,,- Also, ry is a negligible portion 
of R;,. Hence, 


Ri, = Re,,(1 + B) = (500) (101) = 50,500 0. 


For the output impedance of the first Stage, it is usually safe to ignore the 
output impedance of the transistor entirely and let Ro, = Ri, = 5KQ.- 
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C. 
5KQ 7 Vp 50.5KQ 


Fig. 6.8 Simplified Thevenin’s equivalent 
of interstage coupling circuit. 


(See Fig. 6.7.) 


Voc = 25v Rp = 680KQ, 
C,= CE, =” Rg = 1KQ 
C, (to be determined) Rg, = 1.5KQ 
B, = B, = 100 Rg,, = 5000 
R, = 80KQ Rg,, = 1KQ 
R, =20KQ R,, = Ri, = 5KQ 


Fig. 6.7 Two-stage common-emitter amplifier with emitter bias 
resistors only partially by-passed. 


The interstage equivalent circuit takes the form shown in Fig. 6.8. Note 
that resistor R, represents the bias resistors R, and R, in parallel: 


20 x 80 
Rp = ——— K = 16KQ. 
> 100 
This must be added in parallel with R,, : 
16 x 50.5 ~ 12KQ. 
66.5 
To find the 3 db point on the low-frequency gain characteristic, 
@, = ose Sieg Pree os 500, 
C, (12,000 + 5000) 
1 ~ 
= oo F 0212 ff. 
17,000 x 500 


Returning to Fig. 6.7, the next step is to calculate the voltage gain from 
point A to V,. The gain from the base of Q, to V, is given approximately as 


Reg 200 


10. [3.52] 
Re 500 


(Note that if the second stage emitter by-pass capacitor were not ‘“‘infinite’’ at 
this frequency, the input impedance would be complex, and even approximate 
calculations would be difficult.) = 

At the corner frequency w,, the network attenuation is V2/2 = 0.707, so that 
voltage gain from A to V, is 0.707 x 10 7, at a leading phase angle of 45° 


PROBLEM 6.7 For the two-stage common-emitter amplifier of Fig. 6.7, let 
C,=00 and Cg,=5 yf. All other parameters are as in Prob. 6.6, Calculate 
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voltage gain from point A to V, as a function of frequency. Specifically, calcu- 
late gain for = 300 rad/sec, w = 0, and w=. Plot on logarithmic coordinates 
so that the frequency response shows the characteristic low- and high-frequency 
asymptotes. Use approximation methods where possible to simplify calculations. 


RE 2. (1+) Solution: As before, the problem must be set up in terms of the output im. 

=s0KQ pedance of the first stage, and the input impedance of the second Stage. The 

output impedance is approximately equal to R,; , = 5KQ, as in the previous prob- 

lem. The input impedance to the second stage is approximately equal to the 

e emitter impedance multiplied by 8 + 1 (see Table 5.1). The equivalent input im- 

aoe Rg,, (1+ B) pedance is represented in Fig. 6.9, where the relatively small emitter resistance 
1+B ¥100K is neglected. 

Figure 6.10 shows the circuit of the interstage coupling elements. Resist- 
ance R, is the equivalent parallel resistance of the two bias resistors. This 
circuit allows the calculation of base current I,, in Q,, from which collector 
current and gain may be calculated. 


Fig. 6.9 Equivalent emitter circuit Calculate the impedances of Fig. 6.10, and simplify. The emitter impedance 
impedance. (See Prob. 6.7.) of Q, is 


1 


R x 
E 2p joCr, 


(1+ B) +(1+ B)Re.,: 


Rr + 
a J aCe, 


This simplifies to 
R 
(1+ 6) =" __ +.(1+8)Rz,.. 


1+ joCe, Re», 


Apply Thevenin’s theorem to Fig. 6, 10, replacing the network driving the 
above impedance with a simpler equivalent series network: 


R x Rp 
Req= RpllRz, = ———, 
Rp +R, 
R 
Veg = Vg ——2— 
- “Rp + Rr, 


Fig. 6.10 Interstage coupling cir- . . 
cuit set up for calculation. The current Ty, is easily calculated: 


(See Prob. 6.7.) ve 


Qa 


Regt (1+ B)Re,. + (1+ 8) —— 2 

q B E 2a ( ee Raa, 
Veg(1 + joCe, Rz,,) (6.2) 
Ng . 

(1+ B)Re,, + [1+ joCe, Re» )[Req+ (1+ B)Re,,] 


This can be put into a convenient standard form for plotting: 
V4 Rp (1+ joCg, Re,,) 
1,, « Ret Rev lReat (1+ B) (Rey, + Rew 
? 1+| Req + (1+ B)Re,, 
Reg + (1+ B)(Re,, + Rey) 


(6.3) 
Jie Cre, Re», 


Let 


__Reat (1+ B)(Rey, + Rey) 
[Rea + (1+ B)Re,,1(Ce, Rey.) 


Wa 


(6.4) 
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1 
Op = ————: (6.5) 
Ce, Rey, 
(Rp + Ri ,)[Req+ (1+ B)(Re,, + Re] 
B= P 1 = 2a an) : (6.6) 
Pp 
Substitute these new parameters in (6,3); 
145 
Ip, 1 meer 
Ma Case (6.7) 
A 1 + 5 


This is the desired form for plotting the frequency response of a network. Ap- 
pendix C describes the plotting techniques based upon the use of asymptotes on 
log-log coordinates. 

Now continue by determining V, as a function of J,, to arrive at an expres- 
sion for gain as a function of frequency. From Table 5.1, 


1+ Re 
tq 
Vo _ Blog Rea | (6.8) 
Va Va 
Substituting (6.7) in (6.8), 
1472 
Vo. 2 BRuaf | oy (6.9) Vo 
Va BN is i 


Da 


This is the required expression for gain as a function of frequency. 

The plot of V/V, on log-log paper appears as shown in Fig. 6.11. This is a 
generalized plot of amplifier low-frequency gain as affected by capacitor C,,. 
Of course, at very low frequencies, the coupling capacitors of Fig. 6.7, presently 
assumed infinite, become significant. 

Now substitute numerical values from Fig. 6,7 in the expression for gain: 


Rp = R,||R, = 16 KO (as determined in Prob. 6.5), 


Req = RplRz, = 16 x5 _ 3 81kQ, Fig. 6.11 Gain vs. @ on log-log 
*  16+5 scales. The asymptotes are 
(R, +R ) shown as dashed lines; the 
Pere sain Sh : actual curves are shown as 
a= R [Req re B)(Re2, ' Re»)! [6.6] solid lines. (See Prob. 6.7.) 
e Note that 
Hence, 
L+j— 
R 

p= 1©+5 [3810 + (101) (1500)] Vi sal Os 

16 A eer 

21 a 


— x 155,300 = 204,000, 
16 


ane Soeieere es 
Rey,Ce, 1000x 5 


gx Rest G+ OReaa* Rew) (6.4 


~ [Req + (1+ B)Re,,1Cz, Rey, 


Op = = 200 rad/sec, 
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Substituting previously determined values for the numerator and 1/ (Cg,Rz,,)) the 
expression for w, becomes 


155,300 x 200 
0a = .. 
[Req +; (1 + B) Rz,,] 
The bracketed term in the denominator is 
3810 + (101) (500) = 54,300. 


Therefore, 


155,300 x 200 
54,300 


= 572 rad/sec. 


Substituting the above values in the expression for gain, 


1+j 1472 
Yo _ BRr, —“" a» _ (100)(5000) __"” 200 an 

Va B 1 +i Qo 204,000 1 +j oO 
Wa 572 

1+j and 

= 2.45 . 
1 fe 
+! 379 


This is the final numerical expression for gain variation in the region where 


Cz, is most sensitive to frequency change. The responses for w ~ 0, w = 300 
rad/sec, and @ ~ oo will now be calculated: 


At w= 0, 
Vo 2.45. 
Va 
At @ = 300 rad/sec, 
. tape 
Fe = 2.45 20 , 
A 1+ j 300 
572 
Vo 
7, | = 2-45 x 1.6 = 3.92. 
As @ =o, 
she 
Vo 9.45 x 200 _ 9 45, 872 79. 
572 


Refer to Fig. 6.11 for the plot of gain vs. frequency. 
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PROBLEM 6.8 In the circuit of Fig. 6.7, if C, and Cp, = Spf, C, = 50 pf, and all 
other values are unchanged, show the exact tee-equivalent circuit for determining 
Ve/Vg: 


Solution: Figure 6.12 shows the common-emitter tee-equivalent circuit to be 
used for computing the gain, and the numerical values of the circuit parameters 
applicable to this problem. 


i Bin, + Bin, 


Rp = 680KQ, 
Rg =1KQ 
Re = 15K0 
Rr, = 5000 
eer | Q 
Rg,, = 1K 
Ry, = Ry, = 5KQ 
C, = 50 pf 
C,= 5 pf 
Cz, = Spf 
rp = 3000 
r, =90 
tg = 100K 


Fig. 6.12 Equivalent circuit of two-stage amplifier. (See Prob. 6.8.) Note that re “Rg, 
tp K Rj, and rqg > Ry so that the transistor parameters can be neglected; hence, 


R _ Rx 


, = 16KQ. 
R, +R, 


PROBLEM 6.9 Using the circuit (Fig. 6.12) of Prob. 6.8 and formulae from 
Table 5.1, calculate gain V,/Vg as a function of frequency. Make assumptions 
and suitable approximations where necessary to simplify calculations. Consider 
the frequency range from 1 cps to 10,000 cps. 


Solution: Calculate the input resistance of the first stage. Neglecting loading 
by the second stage, 


1+ Rr 
r 
Ri, = t%+(te+ Re G+ ae oe 
1+ (Re Ee**) a+ 8) 
to 
1+ 0.0005 - 144 KQ. 


= 300 + (1509) (101) a 

Note that the terms in the expression for R;,, which include R,, actually 

have less than a 6% influence on the result of the calculation. It is not neces- 

sary to know R;z, to a high degree of accuracy in order to determine R;,. This is 

fortunate since the effective Rz, is equivalent to R,, in parallel with the effec- 

tive frequency-sensitive impedance to the right of R,, in Fig. 6.12. An exact 
computation would be extremely tedious. 


+ Rj 


(a) 


(b) 


Fig. 6.13 (a) Equivalent input cir- 
cuit. (b) Thevenin’s equivalent cir- 
cuit for the first amplifier stage. 
(See Prob. 6.9.) 
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For R;, = 144 KQ, we can calculate the attenuation characteristics of the 
first stage input circuit. Refer to the equivalent input circuit in Fig. 6.13a. The 
gain of this circuit falls 3 db at that frequency where the capacitive reactance 
equals the equivalent series resistance: 


1 Ri, Re 
= Rg + ———. 
Ri, + Rp 


Do C, 
Now substitute numerical values and solve: 


Deas 1+ (144) (680) 
@oC, 144 + 680 


For C,= 50 uf, wo = 27f, = 1/6 rad/sec and f, = 0.027 Hz. At f=1 Hz, 
the capacitive reactance is relatively small (3170 Q). Its attenuating effect on 
gain is therefore negligible in the frequency range of interest. 

Thevenin’s theorem is readily applied, replacing the first stage by its open- 
circuit output voltage, V4, and its equivalent output impedance, R 


= 121 KQ. 


o1° 


Ro, = tg{/1+ B 

1+ Rg+ tp 

fot+Rze 
Substituting numerical values, 
R,, = 100,000 /1+ —2 _\~s5 smo. 

1300 

1+ — 
1509 


This is much greater than R, » and the effective output impedance Re, is there- 
fore approximately equal to Rr, =5 KQ; hence, voltage gain from (3.52) is 


This figure for voltage gain must be multiplied by the attenuation of the input 
network to determine the over-all gain of the first stage: 


Ri, |Rp 

Vp = Veg ———_—__» 
R,,||Rp + Re 

where R;, I Rg is the equivalent parallel resistance of R;, and Rg. Therefore, 


120,000 
* 121,000 


_ = 0.995 Vz. 


Substituting, 


Va (open circuit) _ 3 15. 0,995 — 3.13. 


Ve 
The first stage can be replaced by the equivalent network shown in Fig. 6,13b. 
Now calculate the input impedance of the second stage: 


1 1+ Ry 
r 
Z1,=%+({Re,, + Re,]| —— )(1+ B) 
joCeg, R R R 1 
Lt Eat E 2p joCr, 


1+ 
fo 
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The term in the last pair of brackets is 


1+ 0.0005 


R 
5500 4c 
1+ Io Ce, x Rg, 


99,000 


1+ 


The expression 


Re» 
1+joCg,xRe,, 


can never exceed Rz,, = 1KQ. Thus, the entire bracketed expression merely 
introduces an approximately 6.5 % reduction in the value of Z,,. In the interest 
of simplicity, this entire bracketed expression will therefore be neglected, so 
that 


~~ 1 
Zi, =fp + (Res. Re, sok (1+ B). 


E2 

The simplified equivalent circuit for the two-stage amplifier is shown in Fig. 
6.14. The voltage at point A is the output of the first stage when loaded by the 
second stage. It is straightforward, though somewhat tedious, to determine /,, 
over the frequency range. From [,,, the output voltage V, and therefore the 
overall voltage gain, are determined. 

As a good approximation, current gain of the second stage is (Table 5.1) 


A= ae 
ih 
lq 
or 
jee AOD 5 es 
1+ 0.05 
so that 
V, 
— =A;R, = 95 x 5000 = 475,000. 
by 


The frequency dependency of the multi-stage amplifier is now confined to 
the variation of I,,, determined from Fig. 6.14. To aid in carrying out the calcu- 
lations, note the principal circuit time constants. As a first approximation, the 
loading of the first mesh by the high-impedance second mesh across R, will be 
neglected. The first mesh time constant T, equals (Req+ Rp,)C, = 0.105 sec. 
The time constant T, = Cg,Rp,, = 5x 10 x 10° = 0.005 sec. 


C, 
= Spf 


A 


Rz,, (1+) 
Y 100 KO 


Fig. 6.14 Simplified equivalent circuit of two-stage amplifier. (See Prob. 6.9.) 


3.8K 50KQ 


Fig. 6.15 Simplified Thevenin’s 
equivalent circuit, with re- 
actance of C, essentially zero. 


(See Prob. 6.9.) 
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The wide difference in time constants permits an analytical simplification. 
At very low frequencies, where T, is in the range of interest (w = 10 rad/sec), 
the time constant associated with Cr, has negligible influence. Capacitor Cz, 
may well be considered open-circuited. At higher frequencies, where T, is in 
the range of interest ( ~ 200 rad/sec), the reactance of C, may be considered 
negligible. The circuit therefore can be treated as though it contained two 
separate and isolated time constants. 

The circuit of Fig. 6.14 is most easily solved by considering the various 
frequency ranges of interest separately. At very low frequencies, Cr, is es- 
sentially open-circuited, and 


2 ae 2.13 j0C.V,, 
jaC, 
Il, Rp 


=_ os 
* "Ry + (Re, + Re,,)(1 + B) 
3.13 VzjiaC, Rp 
R, + (Re,, + Rz,,)(1+ B) 


3.13 Vg jw x 16,000 x 5 x 107° 
16,000 + (101)(1500) 


1.5 jo Vg pa. 


Il 


At a somewhat higher frequency, where C, is negligible while Cz, is still re- 
garded as an open-circuit, Tp, is easily calculated from the all-resistive network 
as I, = 15.4 Vaya. 

At higher frequencies, both capacitors act as shorte-circuits. Solving again 
for I,,, 


: 3.13 Vg 16 
°2 5000 + 16,000 {50,000 50 
= 58.1 V;, pa. 


Consider now the intermediate frequency range, where C, is essentially a 
short-circuit, while Cz, is not. Apply Thevenin’s theorem to eliminate the first 
mesh, Figure 6.15 shows the simplified form where the reactance of C, is taken 
as zero. This circuit is easy to solve for I,,. First determine the impedance of 
0.05 uf in parallel with 100KQ: 


1 
jw 0.05 x 10~° 


1 
100,000 + ——__-____ 
100 KQ. jw 0.05 x 107° 


100,000 
1+ jo 0.005 ° 


100,000 x 


Now solve for Ip: 


pee 2.38 V, 


| 
53,800 + —100,000__ 
1+ jo 0.005 


_ 15.4 Vg(1 + jo 0.005) 
1+jo 0.00175.” 
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Recalling that V,/I,, = 475,000, we now have sufficient data to sketch the 
amplifier attenuation characteristics. This is most easily done by a plot on 
logarithmic coordinates as in Fig. 6.16. 

Note that this problem was substantially simplified by the separation of time 
constants, T, and T,. This allowed us to consider the separate frequency re- 
gions independently. If these were not separated by about a factor of 10, more 
precise calculation methods based upon the formal solution of the network of 
Fig. 6.14 would be required. A more accurate solution is necessary only when a 
simplified sketch based on asymptotes and corner frequencies is insufficient. 
Usually, the simplified sketch is quite satisfactory. 


PROBLEM 6.10 If, in the two-stage amplifier of Prob. 6.9, C, is changed to 
0.25 pf, all other parameters remaining the same, find the attenuation character- 
istics of the amplifier over the region where C, and Cg, have significant re- 
actances. 


Solution: The time constant due to C, has been reduced by a factor of about 20, 
so that both capacitors influence amplifier gain over approximately the same 
frequency range. An accurate loop analysis is necessary to determine the effec- 
tive circuit time constants. Referring to Fig. 6.14, the mesh equations are 


10° 


-L9J@ 


3.13 Vz = (21,000 + yn ~ 16,000 I,, ; 


100,000 ) 1 
1+ je 0.005/ "2" 


These equations may be solved for I,, by eliminating /, (or with determi- 
nants), leading to the following simplified solution: 


279. pa. 
(a (1434) 
192 612 


Calculating output voltage, 
Vo = AiRi Ip, = 95 x 5000 I,, 


0 = - 16,000 /, + (66,000 + 


I, 


= 475,000 Ip, 


Substituting the expression for I,,, and solving for voltage gain, 


33 ( 4 <) 
= 0.0355 


14352) (+i) 
192 612 


This is the required expression for gain as a function of frequency. 


1 
1 Accurate 
| curve 


10,25 200 572 


oa—-> 


@ 
O746jali+7 —— 
Vo _ io ig] 
V a a) 
8 f14j 2) f14+; — 
( I Gaas) | 1 372 


Fig. 6.16 Asymptotic diagram and 
accurate curve of output voltage 
vs. frequency. (See Prob. 6.9.) 
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Fig. 6.17 Transformer equivalent circuit. Note that R, = primary d-c resistance; R, = sec- 
ondary d-c resistance; n = primary /secondary tums ratio; L, = primary inductance; K = co- 
efficient of coupling of primary to secondary; KL, = mutual inductance, primary to second- 
ary; (1—K)L, = leakage inductance, primary or secondary; Rz equivalent core loss re- 
sistor; Cy, =equivalent distributed capacitance referred to secondary winding. Leakage in- 
ductance L, is measured with the secondary Spen-ciccuied, secondary inductance L, can 
be measured with the primary open-circuited: L, =n’L,;Rz is relatively independent of 
frequency except at frequencies in the low audis range; K is usually slightly less than 


unity. 
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Lil~K) Ri Li — K) n?R 


nil 


Ro, =F 
R K ; 
+ L Ly | R,,Vt2 
Voy 


(a) 
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Fig. 6.18 (a) Equivalent circuit showing an interstage transformer coupling the output of 
one stage to the input of the next. (b) Simplified equivalent circuit for low-frequency 
condition. 
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PROBLEM 6.12 A manufacturer’s catalog lists the following data on a trans- Veco = 
former: 12 v 
R, = 10,000 Q, 
R, = 100Q, 
@, = 500 rad/sec. R; ie Ae ; 


Estimate L, and n. 


Solution: From (6.12) and (6.13), ~ 


Fig. 6.22 Output transformer to 


fog = 33 KX 


ye R, 2 10,000 = 10 match load in a common-emitter 
R, e 100. amplifier. 
R 10,000 
Ee se A hy: 
: 2x 5007 1° xt) 
Bl» 


3KO 


(a) 


PROBLEM 6.13 For the circuit of Fig. 6.22, estimate the required transformer 

primary inductance L,, such that the low-frequency response is 3 db down at 60 Hz. 

Solution: From Table 5.1, the transistor output impedance is easily estimated: aD Bl, Ly 2.75 2 
R, =h,, = 33K. 


A simplified but satisfactory equivalent circuit is given in Fig. 6.23a, Figure 

6.23b shows the circuit rearranged to simplify determination of the corner fre- (b) 

quency. The effective resistance for the computation of corner frequency is Fig. 6.23 (a) Simplified equivalent 

33 K Q|| 3K Q, or 2.75 K Q. output circuit. (b) Simplified equiv- 
The lower corner frequency, alent circuit for estimating comer 


frequency. (See Prob. 6.13.) 
@p = 2m fy = 27 x 60 = 377 rad/sec. 


The time constant of the inductive circuit must equal the reciprocal of w,: 


bh, i 
2750 377 
PLM oe 
377 


for 1> = 4 ma d-c through the transformer primary. 


PROBLEM 6.14 Using reasonable approximations for the circuit of Fig. 6.24 at 
the specified operating conditions, determine 

(a) R,, for correct bias, 

(b) C,, for a corner frequency w = 10 rad/sec, 

(c) output transformer inductance L, for a corner frequency, wz, = 200 rad/sec. 
Assume that the d-c resistance of the transformer secondary is 10% of the load 
resistance. 


Fig. 6.24 Amplifier circuit with 
tronsformer-coupled output. At 


is 1.2K Qx 10 ma =12vd-c. To compensate for the base-emitter drop, the volt- Io = 10 ma: B = 380, r = 110, 
age at the base Vp = 12.6 v. rp = 7000, rg = 52500. 


Solution: For the conditions of Fig. 6.24, 1, =I¢ =10ma. The emitter voltage 


90002 ~—n?R, = 9002 


n *7Rp= 
90002 


Fig. 6.25 Transformer-coupled 
equivalent circuit calculation. 


(See Prob. 6.14.) 
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It is convenient to estimate the input impedance R, of the base circuit. From 
Table 5.1, 


R, = (1+ Aye) Re = 381 x 1200 = 458 K Q. 


Since this high input impedance is in parallel with R,||R, (where R, = 22 KQ) at 
the base input, it may be neglected without introducing more than a few percent 
error. Thus, neglecting base current drawn from the voltage divider formed by 
R, and R,, it is easy to calculate R,: 


12.6 - Re _,. 04. 


R,+R, 


Since R, = 22 K Q, R, is calculated as 24 K 0. 


We can now determine the value of C, for a comer frequency of 10 rad/sec. 
The RC time constant must be 0.1, so that 


1 
R R. Cc =) 
(R, || a) x Cy 10 


R,|| R= 2 = 11.5 K 0, 
1 1 

ce ee a 

C.* 70% T5007 87 


Now examine the transformer in the collector circuit of the transistor. The 
transistor is effectively a high impedance current source, in comparison with the 
relatively low load impedance. A simplified but fairly accurate equivalent cir- 
cuit is shown in Fig. 6.25. The effective time constant is 


eA Ae eo 
n?(R,+Rz,) 9900 


This must equal the inverse of the specified transformer low-frequency corner: 


ft, 1 
9900 200’ 

Li 2 60h 
20 


PROBLEM 6.15 For the amplifier of Fig. 6.24, estimate voltage gain at w = 200 
rad/sec. 


Solution: Neglecting the effect of transformer inductance, from Table 5.1, 


where R; is the effective a-c resistance in the collector circuit. From Fig. 6.25, 
this is 10,800 0. Substituting, 


This, however, is the voltage on the primary side of the transformer, reduced 
on the secondary by a factor of 30 by the transformer step-down ratio. An addi- 
tional attenuation of 9000/10,800 is introduced by the transformer winding re- 
sistance. Further, the gain is reduced by a factor of V2/ 2 = 0.707 at the corner 
frequency, w; = 200 rad/sec. Therefore, the voltage gain at wz = 200 rad/sec is 
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v, 1 9000 
Vo. SRG ee 0 907 20. 176: 
V, * 30 * i0,800 7°” : 


PROBLEM 6.16 For the circuit of Fig. 6.26, design the bias circuit to permit a 
distortion-free output voltage of 2 v mms, while keeping the stability factor S < 4, 


Solution: We must determine the range of I>. For I¢ = 0, the collector is at a 
12 v potential. Recall that 2 v rms corresponds to 2 x 2 V2 = 5.66 v, peak-to-peak. 
Thus, the collector potential may be as low as 12 ~ 5.66 = 6.34 v for peak col- 
lector current. This value of peak current = 5.66/5000 = 1.13 ma. 


This reasoning indicates a value of collector bias current of about 0.6 ma, — 
swinging from nearly zero to a value somewhat under 1.2 ma. A load line for this 
condition is shown in Fig. 6.27. Rg, = 5000 
For the 2N929 transistor, a minimum Vcg of 1 v assures satisfactory opera- ro = 10MQ 
tion (see Fig. 2.5b). Thus, B = 300 


Fig. 6.26 Load line superimposed 
on idealized collector character- 
Substituting values, istics. (See Prob. 6.16.) 


5.66 


Ve =Veco- Ru lena ~ VoEmin* 


Ve = 12 — | 5000 x 0.0006 + -—1=6.17 v. 


Assume, as a convenient approximation that Vz = 6 v for the d-c operating level. 
Since 1; =Ig¢ = 0.6 ma, 


6 
R + R —_—= 0 K Q. 
Fa" "Fo ~ 0.0006 
Thus, RE, = 500 Q and Re, = 9,500 Q. £ 
The base voltage is 6 v+ Vg = 6.6 v. Base current is also easily found: 3 
Ic 0.6x 107° 
I a—_—- 8 Oe == 2 . 
B= B 300 ns 
pre eoe 0 2 4 6 8 10 12 
s21+Re Voce, volt —»> 
. Fig. 6.27 Load line superimposed 
For S = 4, on idealized collector character- 
R istics. (See Prob. 6.16.) 
— 3, Ry = 30 K Q. 


If we assume that the 2 a of base current is negligible compared with the 
current drawn by the R,, R, divider, then 


R 
peceeens fire Voc = 6.6 v. 
R, + R, 
However, 
R = R, R, : 
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Substituting, 
R 
—- Voc = 6.6 v. 
R, cc Vv 
Solving, using known values, 
R, = 54.5KQ, 
R, = 66.5 K Q. 


It may be verified, if desired, that divider current is much greater than base in- 
put current. 


PROBLEM 6.17 If, in Fig. 6.26, a large capacitance is connected from the out- 
put terminal to ground, what is the maximum undistorted rms capacitance current? 


Solution: Since bias current is 0.6 ma, this is the maximum instantaneous peak 
collector current that can flow without the collector current actually reaching 


zero. Therefore, 
9.6 | 0.424 ma rms. 
2 


PROBLEM 6.18 In Prob. 6.13 (Fig. 6.22), what is the maximum undistorted volt- 
age across the transformer primary? 


i) 


0 
0 5 10 15 20 25 30 35 


Vor: volt —_—_— 


Fig. 6.28 Collector characteristics with superimposed 
load line for the circuit of Fig. 6.22. 


Solution: The transformer primary voltage measured at the collector can theo- 
tetically vary from 0 to 24 v, since the voltage may be either plus or minus (see 
Fig. 6.28). However, since the transistor drop Vee must not be less than 1 v 
and the collector current not be allowed to go to zero, the distortion-free primary 
voltage can typically vary from 1 v to 23 v. 

Actually, referring to Fig. 6.28, V..3, =0.8v, so that the full sinusoidal 
voltage swing is 2 x 11.2 = 22.4 v peak-to-peak, or 7.85 v ms. 


6.4 Direct Coupling 
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Re, =Re,,+ Reap 
Re, = RE,a+ RE» 


Fig. 6.29 Two-stage direct-coupled amplifier. 
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(b) 
Fig. 6.30 (a) Simplified d-c equiv- 


alent circuit of the two-stage am- 

plifier of Fig. 6.29. (b) Simplified 

Thevenin’s equivalent circuit for 
the input to Q,. 
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PROBLEM 6.20 The component values for the circuit of Fig. 6.29 are 
R, = 10000, 
Re,, = Re,, = 1000, 
Re,, = 19000, 
Veco=12v, 


Ico, =1 ma, Io, = 5 ma. 


The required distortion-free output voltage is 2 v rms, minimum. Determine the 
remaining circuit parameters to meet the specified requirements. 


Solution: The emitter potential of Q, is 
= 0.001 x 2000 = 2 v, 
so that 


Ve, + 0.6 = 2.6 v. 
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For the 2N930 transistor, hyz, = 280 at 1 ma; therefore, 


0.001 
Ip, = 7380 - 3.58 pa. 


Proceed now to the second stage. A 2v rms output corresponds to a 5.67 
peak-to-peak voltage swing. Allowing a minimum of about 1 v for Vee, 


Ve, =12-5.67-1=5.3 Vv; 


5.3 _ 5.3 
Rg, =——=—. 
E, To, 
Therefore, 
5.3 
= = 00. 
B.> sy 193 ~ 10600 


Now determine R_.,: 


Ry, Ic, = 2.84 v (4 of peak-to-peak value). 


Solving, 
Ri, = — = 567 Q. 


To determine 4, we must at the same time choose R, for a required stability, 
R, is the principal component of R*, the d-c resistance in the base circuit. In 
Chap. 4, it was pointed out that this resistance must be low for reasonable sta- 
bility in the first stage. On the other hand, R* acts as a load on the input. A 
compromise is necessary. 
Assume, somewhat arbitrarily, that R* = 30 K Q. Then, 
Ve, =5.30=I5, RY + Ve,. 


For R* = 30 K Q, & = 0.492. Since V4 = Va, =/z, Re, + 0.6 = 5.9 v, 
Veo-—Ic, Rr, = 12-0.001 Rr, =5.9, 


so that 


R,, = 6100 0. 


Fig 


6.31 Three-stage, direct-coupled common-emitter 
transistor amplifier. 
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PROBLEM 6.23 For the circuit of Fig. 6.29, using (6.25), determine A Tg, due 
to changing Vg for a 100°C change in temperature. 


Solution: As pointed out in Chap. 1, A Vgez =-—2.2 mv per °C increase in tem- 
perature. Substituting numerical values in (6.25), 


A lg, = (-85 + 246) x 10-* = 161 pa. 


wee is 8 area ra ean a 
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mi 
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Fig. 6.32 Simplified equivalent circuit of three-stage 
amplifier for bias calculations. (See Fig. 6.31.) 
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_ Voc 
Rye 2 =24y 
56.6KQ, 


Fig. 6.33 Three-stage, direct-coupled common-emitter transistor amplifier 
of Fig. 6.31, with calculated resistance values and bias voltages. 
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PROBLEM 6.26 Design an amplifier for maximum output voltage, using the cir- 
cuit of Fig. 6.31. Let 


Ic, = 1 ma, Re, = Re, = Re,=3KQ, 
Ic, = 2ma, R,=10KQ, 

Tc, = 3 ma, Cr, = Ce, = Cz, = 3000 pf, 
Voc =24 vy. 


Use approximate design procedures. Considering the sensitivity of lego and 
Vee to temperature, calculate AI c, resulting from changes in these two param- 
eters as temperature increases from 25°C to 100°C. 


Solution: Assume base cutrents are negligible compared to collector currents. 
Then, 

Ve, =Ic, Re, = 0.001 x 3000 = 3 v, 

Ve, = Ve, + Vee, = 3.0 + 0.6 = 3.6 Vv. 
Calculating R, from the voltage division ratio of the bias divider, R, Y 57 KQ. 
Then, 

Ve, =!c, Re, = 0.002 x 3000 = 6 v, 


Vp = Ve, + Vee, = 6.0 + 0.6 = 6.6 v. 


2 
We may now determine R,.: 
Veo-Ic, Rr, = Ve,. 


Substituting and solving, Ry, = 17.4K . 
Continuing the above with bias calculations, 
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Ve, = Io, RE, = 0.003 x 3000 = 9 v, 
Ve, =Ve,+ Vee, = 9.0+ 0.6 = 9.6 v, 


24-0,002R,,=9.6, Rr,=7.2KQ. 


The choice of R,, is based on the requirement for developing maximum out- 
put, We require the maximum swing in collector voltage, Vo,: 


V =Vpe,+V 
Can E, CE 


min’ 


where whole Voz _,,, is the minimum Vcg for Q, for correct transistor operation, 
and is assumed to be 1 v. Therefore, 
Veo = 9 + 1 4 10 Vv; 
n 


3mi 


and when the transistor is nearly at cut-off, Vc, Y 24 v. The collector volt- 


age may swing from 10 v to 24 v, with a quiescent level of 17 v. The peak-to- 
peak swing is 14 v, and the peak swing = 14/2 =7 v: 


7 


Ri,!c,=7; Ru, = 9003 


= 2330 Q. 
The final circuit with all parameters included is shown in Fig. 6.33. 

Now calculate the temperature sensitivity of Ic,, as Icgo and Vege vary. 
The assumed Icgo = 0.01 pa. From Fig. 4.2, Icgo increases by a factor of 17 
at 100°C. Thus, Alopo © lego = Alcgo, = Alcgo, = 9.16 pa. Substitute in 
(6.29), (6.30), and (6.31), with known Alogpo: 


B; Bs S, Al cpo 


Allg, == 
RE R 
1+_2 (14 8,)|] 14+ 223.4 
Ry, Fs Ri, og 
S, AT 
- AA A iene eSA Tone: (6.33) 
E 
1+— (1 
Rr, (1 + B,) 
Calculating stability factors, 
s,21+Rll® _ 3.2, 
Rz, 
s,=1+ F468, 
Rg, 
S, = 1+ Ri, 
Rg, 


Substituting in (6.33) and solving, 
Alc, = 71.1 Alcpo = 11.4 pa at 100°C. 


This is negligible since Ic, =3 ma, and AI, corresponds to only a slight bias 
shift. The result confirms the validity of our approximation methods; high cal- 
culation accuracy is not justified. 


Now determine the component of change, AI¢,, due to A Vag over the speci- 
fied temperature range: 


AVag = (75°C) (~2.2 mv/°C) = — 165 mv. 


Substituting in (6.32), 


TABLE 6,3 
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A Ig, = 0.69 ma. 


While this is much more significant than the A lo, resulting from Alcgo, it is 
still not a serious shift. The stability of the multi-stage direct-coupled amplifier 
is very satisfactory. 

We may make an estimate of the effect on /¢ of a change in B: 


Sia. [4.15] 


Assume, as the basis of estimating, that 8, varies from 325 at 25°C to 460 at 
100°C, with an average value of 390. The value of A 4/Q corresponding to this 
8, change is 0.9 x 10-*. Therefore, for the first amplifier stage, 


Al 
f_ §, (0.9 x 107%), 
Cy 
and since S, = 3.8, 
Ic, r: 
= 0.34 x 107%. 
c 


1 
Due to the change in B,, Ic, changes by 0.34%. This is also negligible. 

The effects of changes in B, and B, may similarly be estimated as negligible. 
Only the temperature effects of changes in Vge are significant. These can be 
compensated for by the methods of Chap. 4. 


PROBLEM 6.27 For the amplifier circuit of Fig. 6.33, estimate the input im- 
pedance and voltage gain at 1000 Hz, and the maximum undistorted peak-to-peak 
output voltage at 25°C and 100°C. Specify C, so that voltage gain is 3 db down 
at 60 Hz. Note that the circuit parameters are those derived in Prob. 6.26. 


Solution: This problem provides an example of a step-by-step series of calcula- 
tions of input and output impedances, starting with the last stage. At 1000 Hz 
(@ = 6280 rad/sec), all emitter by-pass capacitors are essentially short-circuits. 
The transistor parameters used here are summarized in Table 6.2. Practical ap- 
proximations are made throughout. 

From Table 5.1: 


1+8 


R =f; +(r + Re,) 
i b e a Rut Ree 


1 (1 + B) 


Pe 


with Ry; Kr,, and r, Kr,/(1 + B). The portion of emitter resistor not by-passed 
by Cz, Reg, is zero. Now substitute numerical values from Table 6.2 in the 
above expression to find the input impedance of the third stage: 


At 25°C, Rj, = 5280 0, 
At 100°C, R;, = 8550 Q. 


These input impedances, paralleled with Rz » establish the effective load, 
Rj, on the second stage: 


At 25°C, Ry, = 30400, 
At 100°C, Rz, =3910Q. 


Proceeding in this manner, the required additional items may be calculated, and 
are summarized in Table 6.3. These include the required amplifier input impedance. 
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Now calculate the currents and voltages in successive stages as required to 
determine over-all gain. If the current gain of the input stage is A,, then 


Ru, 


Th, = 1, i, R,.+R,” 
1 Ig 


Substituting the expression for current gain from Table 5.1, and replacing J, by 


V,/Ri,, 
I V; By Ri, 
ba = Oy Reel: aE ire ee 
R R,,+R 
R,, F +24 p»| ee 
cy 
or 
I R 1 
fog Bi Ruy a (6.34) 
V; Ri, Rr, 
i+ (1+ B,)) | Rr, + Ri, 
fe, 
Similarly, 
ly, By Re 
I, , = oe (6.35) 
1204 A) | Rep eR, 
fe, 
Note that 
Petia d Pe Re (6.36) 
YY Ri, 
1+ (1 + B;) 
te, 


Substituting numerical values for the circuit parameters (see Table 6.1), the 
required performance data summarized in Table 6.4 are obtained. The voltage 
gains in Table 6.4 are part of the required solution to the problem. 


Note that although B increases by about 40% with increasing temperature, TABLE 6.4 
suggesting an over-all increase in gain of about (1.4)° = 2.75 times, the actual 25°C 100°C 
gain increase is only about 15%. The separate effects of changing 8, as shown Iya/V, 17.8 x 10° | pee 
irl the gain equations, partially cancel. toe ; 
Determine C, such that gain is 3 db down at 60 Hz. At this frequency, the oy i a 
2.1 x 10° 2.4 x 10° 


capacitive reactance must equal the minimum (25°C) input impedance: 
Xe, _ Ri, = 8800 Q, 
C, = 9.302 pf. 


Determine the maximum undistorted peak-to-peak output voltage from the bias 
point. At 25°C, the quiescent conditions are 


Ic, = 3 ma, 
and since R,, = 23300 and Rg, = 30000, 


Ve = 0.003 x 3000 = 9v, 
Vo=24-7=17v, 
Voz = 24-(94+ 7) =8v. 


The resistance Rg, is by-passed, so that the voltage Ve, is a fixed 9 v re- 
gardless of the a-c signal component. A load line for this amplifier stage is 
drawn for an effective d-c voltage of 24~9=15 v, and a resistance of 2330 0 
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(see Fig. 6.34). If a minimum Vcrp for satisfactory transistor operation is set at 
1 v, it may be seen that the peak-to-peak a-c voltage swing is 14 v. 

Re-examine the peak-to-peak output range for 100°C operation. As previously 
calculated in Prob. 6.26, I, , = 3.69 ma at 100°C. The emitter voltage is 11.1 v, 
so that the effective voltage for the load line is 12.9 v. The modified load line 
is indicated in Fig. 6.34, showing a possible peak-to-peak output excursion of 
11.9v. This reduction in output voltage range is the principal reason for main- 


taining bias point stability. If I¢ increases to 6 ma, the amplifier actually be- 
comes inoperative. 


PROBLEM 6.28 For the amplifier of Fig. 6.33, connect a 1000 2 output load to 
the collector of Q, through a blocking capacitor C, having negligible a-c react- 
ance. What is the maximum undistorted output swing? 


Solution: Since the 1000 Q load does not effect the d-c operating point (because 
of the blocking capacitor), this point remains the same in Fig. 6.34. The a-c 
load line, however, corresponds to an effective resistance, Rf 3» equal to 2330 0 
in parallel with 1000 Q, or 7002. The maximum undistorted output swing is 
limited by the I¢ = 0 axis, and is 8.56 v peak-to-peak. 


O Voc =24v 


L a eal 

a NN 

Py a SN 
0 5 10... 31S: Be - “25 ~6p: - Sas 

Vee, volt ———m 


Fig. 6.34 Load lines superimposed on 2N929 common- 
emitter characteristics; Vz = 9 v. 


10000 


Fig. 6.35 Output transistor circuit driving 
a 1000 Q a-c toad. 


PROBLEM 6.29 With the amplifier of Fig. 6.33 and the load of Fig. 6.35, find 


the voltage gain at 25°C. 
Solution: From (6.36), 


3 


L 
fy oe 8 


C3 


(1+ B;) 


[6.36] 


We replace Ry, by Ri, = 700 Q. Substituting numerical values from Prob. 6.27, 


Vo _ 2.83 x 360 
V 


i 1+ 


as compared with over a million before the 1 K Q load was added. 


700 x 361 
6.7 x 10° 


Te ae eet Te AS Ae eras eee ey mE Tee ee ne el te er They ey Te gg MRS AL, “gh e 
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PROBLEM 6.30 Repeat Prob. 6.27, but with 100 © (see Fig. 6.36) of each emit- 
ter resistor unby-passed. Calculate only V,/V,. 


Solution: Proceed as in Prob. 6.27, using the formulae summarized below: 


R, = ty + (te+ Reg) (1 +8) ————., 
14+ 72 (1+) 
T> 
for Rea Kr,/(1 + B). Then, 
Ip, B, Rr 
ag hl ae ee ee 1 ; [6.34] 
1+ 2 (1+ B,)| (Rr, + R:,) 
1 

Th, Tb, Ru, 
aa 7, & | oe ee eS j [6.35] 

1+ ; (1 + B,) (Rx, + R,,) 

i) 
Ly ee [6.36] 
Vi fi Rx, 
1+ (1 + Bs) 


c3 


By substituting numerical values, the partial results and the computed voltage 
gain are determined and listed in Table 6.5. Observe the much reduced gain by 
comparing the data with that of Table 6.4. Although the variation in gain with 
temperature is somewhat improved by the unby-passed emitter resistances, the 
principal benefit is the reduced sensitivity of circuit gain to variations in the 
§’s of individual transistors. 


TABLE 6.5 


37,200 50,000 ohm 


Ri. 6040 6300 ohm 
Ri, 33,710 43,500 ohm 
Rr 11,500 12,400 ohm 
Rij 33,000 43,000 ohm 
I,./V; 2.62 x 10°° 2.06 x 10° amp/volt 
I,,/V, 111 x 10° 88 x 10° amp/volt 


8.3 x 10* 8.4 x 10° 


6.5 Complementary Transistors 


R,,=1000 


CE, R,,=2900 
=3000 pf 


Fig. 6.36 Modified portion of the 
circuit of Fig. 6.33, with portion 
of emitter resistor unby-passed. 
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PROBLEM 6.31 Referring to Fig. 6.37, determine the load resistors, R,, and 


R_,, for the specified operating conditions; select Rr, for maximum undistorted 
output. 


Solution: For the specified conditions, 
Ve, =Tz, Re, =I, Re, = 107° x 3000 = 3 v. 


Allowing 0.6 v for the base-emitter drop of 0,, Va = 3.04 0.6 = 3.6 v. 


Since high 8 transistors are employed, we may neglect the base current of 
Q, in determining R, for the required V, : 


R, 

Va =Vec ——*—_. 

Ae COR TLR, 

The validity of this approximation may be verified later, if desired. Substituting 


numerical values for V4, R,, and Voc, R, is determined to be 15 KQ.. Continuing 
to the second stage, 


Ve, = 9- (0.001) (3000) = 6 v. 


The base potential, allowing the usual 0.6 v drop from the emitter, is 5.4 v. This, 
of course, must be the collector potential of Q,. Thus, 


Vo, = 5.4 = 9- (0.001) Rx,. 
Solving, Rr, = 3.6K Q. 
Continue in a similar fashion to the third stage: 
Ve, = (0.001) 3000 = 3 v, 
Vo, =3+4+0.6=3.6v, 


3.6 = (0.001) Rr, Rr, = 3,600 Q. 


This completes the determination of all parameters except R_,, which is found from 
the requirement for maximum undistorted output. Allowing a minimum Veg of ly 
for Q,, Vc, varies from 4 v to a cut-off 9 v, for a peak-to-peak swing of 5 v. Set 
Vo, to the average of 6.5 v. Thus, a 1 ma swing of collector current corresponds 
to 2.5 v, so that Ri, =2.5KQ. For greater gain, Rx, can be increased until the 
limiting condition is reached where Voc, = 4 v maximum for Ri, =5 K Q. For this 
condition, the gain is doubled and the peak-to-peak undistorted output is zero. 


PROBLEM 6.32 For the circuit of Fig. 6.38, determine the unspecified parameters 


for the given operating conditions, as well as a-c gain and maximum power ab- 
sorbed by Rz,- 


Solution: Assume, as a crude estimate (which may be re-examined after an ap- 
proximate analysis is completed) that about 5% of the collector current of Q, is 
diverted by feedback to the first stage. Thus, if current through Ry , is specified 
at 95 ma, and current through R, at about 5 ma, then I , = 100 ma. Therefore, 


Ve, = 31 x(—0.095) ¥-3 v. 
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Q,, Q3: n-p-n silicon transistor 


} high 8, B>100 


Q,: p-n-p silicon transistor Q,: 2N2907 
Rg, =Re,=Re,=3KQ, R,=10KQ Ig, = 100 ma, te, = 0.260, rp, = 74 Q 
Voc =9v B, = hte, = 100, hrg, ~ 110 at I¢,=100ma 
Cr,» Cr,» CE,; C,: essentially infinite Cr,, Cz: essentially infinite 
Io, =Ie, =F, = 1ma Voc =10v, Rp, =31 0 
Q,: 2N930 


Fig. 6.37 Direct-coupled amplifier using complementary 
transistors. fe, = ll Q, Tey =2~x1i10° 


B, = hte, =380; Arg ,=380 at Ic,=10ma 


Fig. 6.38 Two-stage direct-coupled 


Dynamically, Vc, may vary from zero, near transistor cut-off, to approximately amplifier using com plementary tran- 
2 sistors, and d-c feedback for bias 


-6v maximum. Allowing for the usual 1 v minimum V og, the drop across Rg, is stabilization. 
10-(64+ l)=3v. 


For Ig, > 100 ma, Rg, = 30 Q. Continuing, since Vz, =- 7 v, allowing 0.6 v 
for Veg,, Veo3= 6.4 v. 

At I¢, = 100 ma, the 2N2907 transistor has a d-c current gain of hpg ~ 110, so 
that a bias current of less than 1 ma is required. Thus, /¢, = 10 ma should be 
ample drive. This gives 


_10-6.4 


Ri.= 0] 


= 360 0. 

Now evaluate the parameters of the feedback circuit containing R,. Feedback 
resistor R, tends to stabilize collector current by resetting the bias of Q, so as to 
automatically oppose changes. For correct feedback, Vc, must be greater than 
Ve.. Assume, consistent with earlier calculations, that Vz, = 2 v, and current 
through R, is Sma. Then, 


Re 24 32000. 
0.005 
With current through Re, equal tolc, + 5 ma, 
2v 
= 133 0. 
¥1 "0,015 


Now calculate the base bias resistors of Q,. Since Ve, =2v, Va =2+0.6= 
2.6 v. Assume (as a starting point) 1 ma through R,. Thus, 


2.6 


R a—_—_—_— ‘* 
> 0.001 sade 


The d-c input impedance to the first transistor may be estimated: 


| 
| 
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Rislae =(1+hre) Rg, = 381 x 133 =51K Q. 
We may safely ignore the base drain of Q, in calculating R,: 


R, 


R, +R, 


Vec=Va. 


Substituting and solving, R, ='7400Q. If the shunting effect of the input imped- 
ance of Q, is considered, R, becomes 7050. (Actually, final bias adjustments 
are best done experimentally.) 

For Q,, a 2N930 transistor, r, = 11 0, hy, = 380, and te = 2x 10°, Thus, con- 
tinuing, 


Ry, = (1 + Rye) re = 381 x 11 = 4200 Q, 


ete 
1 R, -4200° 
380 
A,= -—t. - 360 0381 358, [Table 5.1] 
14740 ipeeeees 
to oe 2x 10° 
_ 358 V, 
“1” 4200 ’ 
R1, 
I, = Se 
Rr, +R, 
Ri, = tp, + to, (1 + Ate,» [Table 5.1] 
Substituting numerical values for the 2N2907 transistor, 
R,, = (0.26) (101) + 74 = 100 Q. 
Continuing to substitute numerical values, 
A;, = 100, I, = Aj,ly, = 6.7 V;. 


For a-c signals, R, is in parallel with R,, so that effective load resistance 
is 31||200, or 26.8 Q. 


Therefore V, = 6.7 V, x 26.8 = 179 V,; hence, the required voltage gain is 
V. 


—2= 179, 
V, 


The instantaneous voltage across Rz, can go from 9 to 6 v (leaving a lv 
minimum for Vcg). Thus, maximum undistorted output is 6 v peak-to-peak, or 
2.12 v ms. Maximum undistorted power output P is 

_VWB (2.12)? 


P= 2 =". = 135 mw 
Rr 31 


2 
Under quiescent (zero a-c) conditions, the power in the collector junction 


of Q, is 0.1 a x (7 ~-3) v = 400 mw. From the data sheet of the 2N2907, the tran- 
sistor power rating at T °C is 


Power rating = 1.8 - 10.3 x 10-° (T — 25°C), 


At T = 100°C, the rating is approximately a watt, so we are well within the rating 
for the calculated 135 mw dissipation. As shown in the next chapter, the dissipa- 
tion in this type amplifier decreases with increased a-c input signals. 

Note in Fig. 6.38 that if only part of Re, is by-passed by a capacitor, a-c 
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feedback is introduced which simultaneously lowers and stabilizes the gain, and 
increases input impedance. (Feedback is considered in greater detail in Chap. 8.) 


6.6 Supplementary Problems 


PROBLEM 6.33 In the circuit of Fig. 6.3, let R,, = R,, = 1 MQ, R, = 1000, 
Ry, = Rx, = 6.8KQ, hj. = 22000, hj, = 1000, hy, ~ 0, and hoe ~ 0. Calculate 
C, for a break frequency of 25 Hz. Assume that the influence of all other capaci- 
tors is negligible. 


PROBLEM 6.34 For the circuit of Prob. 6.33, calculate the frequency response 
if Cz,=5 uF and C, is equal to the value obtained in Prob. 6.33. Assume 
Cr, =C, =. 

PROBLEM 6.35 In the circuit of Fig. 6.24, let R,=R,=10KQ, Rg =1.5KQ, 
C,=10 pF, and n= 30. The load resistance R; = 10 0 with all other transistor 
characteristics the same as in Fig. 6.24. Calculate (a) the frequency response 
of the amplifier if it is driven by a zero-resistance generator, (b) the power 
gain at 1000 Hz, and (c) the maximum power output using the characteristics of 
the 2N930 transistor in Fig. 6.28. 


PROBLEM 6.36 In the circuit of Fig. 6.38, let Rp,=180, Re, = 33Q, 
Ce, = 100 pF, Re, = 1200, Cz, = 100 uF, Rz, = 270 0, R, = 180 Q, 
R, = 2700, and R,= 75000. Then the transistor characteristics of the Q,: 
2N2907 and the Q,: 2N930 transistors are as follows: 


Q,: 2N2907 Q,: 2N930 
hee = hrg = 100 hye = hee = 400 
r. = 0.250 r,= 100 
r, = 1000 rp = 00 
f, = 00 fo = 0 


Determine (a) the frequency response when feeding R,, if C, = and R, = 0, 
(b) the maximum undistorted power absorbed by Rz,, (c) the d-c gain in R,, 
with zero input, and (d) the power dissipated in Q, with zero input. 


CHAPTER 


POWER AMPLIFIERS 


7.1 Introduction 


Saturation Over-dissipation Overvoltage 
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Fig. 7.1 Permissible operating limits of power transistors, showing non- 


linear regions. 
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Io, mo — > 


Fig. 7.2 Typical current gain characteristics of a medium power germanium transistor. 
Results are normalized for convenient representation. 


Units mounted in the cen 


@. 8. T. 
oe a8: al ter of square sheets o: 


Tj; = junction temperature 


T, = case temperature { |_|minum. Heat sinks were/|| 
T, = heat sink temperature Ne held vertically in still air. 
: a= (Heat sink area is twice 

T, = ambient temperature ~ the area of one side.) 
9,6 = thermal resistance, ° 

junction to case 3 
8.9 = thermal resistance, ~x 

case to heat sink 7 
Ga = thermal resistance, 5 

heat sink to ambient temperature 2 
All temperatures, °C 
All thermal resistances, °C/watt 
Total thermal resistance 10 

Fa a Ae + Fee + 950 100 


Oya, thermal resistance, °C /watt—™ 


(a) (b) 


Typical Mounting Thermal Resistance 
(0..) °C/w (includes contact resistance) 


With DC4* 


Insulating Washer 


No insulator 
Teflon 

Mica 

Anodized Aluminum 


*DC4 is Dow Corning No. 4 Silicone Lubricant. The use of the DC4 or equivalent is highly recom- 
mended especially for high power applications. The grease should be applied in a thin layer on both 


sides of the washer. When transistors are replaced in the sockets a new layer of the grease should 
be added. 


(¢) 


Fig. 7.3 Basic components of thermal resistance. (a) The resu!tant thermal resistance is 
the sum of the separate series components. (b) Thermal resistance to the environment of 
an aluminum plate. (c) Junction to case resistances of typical Motorola components. 
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vironment. Figure 7.3 shows the series addition 
as typical aumerical values. Based « on 


*Dissipation at the emitter-base junction is usually negligible compared with dissipation at the 
collector-base junction. 
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PROBLEM 7 
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output using the transistor characteristics of Fig. 7.6. The additional parameters 


are 
Tmax = 80°C, 
T, = 25°C, 
9,, = 0.6°C/w, 


0. = 0.2°C/w, > See Fig. 7.3 
Owe _ 0.5°C/w. 


Use approximate methods of analysis. Neglect distortion and leakage currents. 


Vec 


Ic, amp —> 


Fig. 7.5 Simplified power amplifier circuit. 


Load fine) 


0 20 40 60 80 100 120 140 
VcE , Volt tm 


Fig. 7.6 Superimposed load line and Pc = 42 w hyper- 
bola. The current at Q = 1.05 a. 


Solution: First determine the permissible power dissipation. Total thermal re- 
sistance 0,, is 0j, = 0.6+0.2+0.5 = 1.3°C/w. Hence, 


The hyperbola corresponding to this power is plotted on Fig. 7.6. A load line 
(Ry = 38 0) is sketched from V,,,, = 80 v tangent to the hyperbola, and the op- 


erating point Q is noted. This load line avoids both the high-voltage and high- 
current regions of the characteristics, where excessive curvature occurs. 


Maximum load power, from (7.9), is 1/2 Po =42/2=21 w. Total quiescent 
power, from the load line, is 


Prot = Voc xIeg = 80x 1.05 = 84 w. 


This high input power is required since 42 w are dissipated in R,. To avoid this 
dissipation component, power amplifier stages almost always use transformer 
coupled outputs. 


PROBLEM 7.3 In the circuit of Fig. 7.7, the transistor is operated at the same 
quiescent point as in Prob. 7.2. What is the total quiescent power? 


Solution: Assuming an ideal transformer, the d-c load line sees only the tran- 
sistor drop, and extends from Vgc = 40 vertically to Q. The a-c load line passes Fig. 7.7 Power amplifier circuit 
through Q as before. Power input is half of the previous value, or 42 w, corre- using transformer-coupled output. 
sponding to the maximum transistor dissipation. 
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7.2 Distortion 


Fig. 7.8 The fall-off in Ape at high 
Tc is a distortion-producing factor 
in power amplifiers. 


| 
| 
! 
! 
' 
' 
{ 
—1--— Li 
0.20 0.30 / 


ies / 
itsane/ / 


Ves, volt ——e» 
is 
Ht (b) 
Fig. 7.9 (a) Base current distortion with low impedance source (voltage drive) 
for the 2N1537A transistor. (b) Distortion in output current of the 2N1537A Fig. 7.10 A plot of collector current I¢ 


transistor with sinusoidal base current drive and high impedance source. 


vs. emitter-base voltage Vig. 
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Transfer Output iY 


Fig. 7.11 Biased power stage with 
quiescent current going through the 


load. (See Prob. 7.4.) 


Fig. 7.12 Graphical analysis of typical operating conditions 
using current gain curves. 


passed in power amplifiers due to the awkwardly 
ition, an unby-passed Rg will provide 
“ See and gain sets 


| nearly he same manner as 
that the input to the base now in- 


a say graphical construction relating output voltage to 
‘cui 7 13. ‘Use the same transistor char- 


Fig. 7.13 Typical bias amplifier with transformer- 
coupled output. 


Fig. 7.14. Solution to Prob. 7.5. 
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VBE, volt —» 
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2N1167 


Base-emitter voltage 
vs. base current 


(d) 


168 Transistor Circuit Analysis 


2.0 2.4 


hell | 


S 
ce) 
ic] 

Hl 


0 
0 0.2 #04 06 08 1.0 1.2 
Ver , volt —» 


2 7 
2N1167 ne 
‘ Collector current 
Current gain b ie Ita 
vs. collector current MS POSS SMLITEL YeMage 
4 130 
UO 
o? 110 
a 90 
ve 
9 70 
xe —60 0 +60 +100 
Toot > Fig. 7.15 Characteristics of power tran- 
sistors, showing some of the effects of 
hprg vs. temperature temperature. (a) Collector current vs. 
(e) base current, (b) current gain vs. collec- 
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PROBLEM 7.6 Design a common-emitter power output stage to deliver 17 w of 
maximum power to a 10 2 loudspeaker coil. Ambient temperature is 25°C; maxi- 
mum junction temperature is limited to 80°C. Use a 2N1537A germanium transis- 
tor mounted on a cooling plate which results in 6,, = 1.3°C/w of dissipated power. 
Check bias stability and the possibility of thermal runaway. Assume Ic go =5 ma 
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at 80°C. Aim for a stability factor S of about 5. Assume that the output coupling 
transformer d-c resistance is 10% of the load resistance referred to the primary. 


Fig. 7.16 Transformer-coupled power amplifier. (See Prob. 7.6.) 


Solution: Use the configuration of Fig. 7.16. Note the unby-passed emitter re- 
sistor Re used for bias stabilization. Now following the procedures of Prob. 7.2, 
we establish a Q-point at Veg = 40 v and I¢ = 1.05 a. To minimize shifts in the 
operating point with temperature, restrict Alc due to increased I¢go to less than 
25 ma, corresponding to a maximum S of 5. Letting the reflected load = 38 {, the 
transformer resistance is Rc = 0,1 x 38=3.80. Resistance Re may be chosen 
on the basis of its quiescent power loss. To minimize power dissipation in Rg, 
let Re = 40. Then, 


4+4Rp 
4+Rp 
l+hre 


S= =5, [4.38] 


where 
R, R, 
R, +R, 
Since hpg ~ 100 at the Q-point (see Fig. 7.8), we may substitute and solve 
for Rp = 16.8 Q maximum for S = 5. From the Ic vs. Vgg curve (Fig. 7.10), at 
Io = 1.05 a at 25°C, Vaz = 0.5 v. The voltage at point A is therefore 


Rg = 


Va = 1.05 Re + VBE = 4.2 + 0.5 = 4.7 Vv. 


However, the diode drop cancels Vgz, so that a drop of only 4.2 v across R, is 
required. Since 


Voo=Vcet+Reolcot Re Ico= 40+ (3.8 x 1.05) + 4.2 = 48.2 v, 
we may solve for the resistances R, and R,: 
R, = 193 0, 
R, = 18.4. 
The current in the bias network is approximately 


48,2 —4,2 


= 0.23 a. 
193 . 
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Since this is quite large, we might wish to redesign the bias network, con- 
tenting ourselves with an increased value of S, or else use a separate bias sup- 
ply as shown in Fig. 4.22. 

From Prob. 7.2, Rz = 38 0 has been determined as optimum, and since Rc = 
3.8 Q, the load impedance observed at the transformer primary is 38 — 3.8 = 34.2 Q. 
The transformation ratio, primary to secondary, is therefore V34.2/10 = 1.85. 

The rms collector current is 


Alc... 
22” 


where Ale. is the peak-to-peak collector current. Thus, maximum load power is 


2 
ae x 34.2 = 18 w. 
2/2 


To check for the possibility of thermal runaway, use (4.49): 


2 0.07 IcBo [Voc ~2 Io (Re + Ro)] . 
S6,, 


Substituting numerical values, 


eis" 0.15 > 0.07 x 5 x 10° [48.2 ~ 2(1.05) (4 + 3.8)] = 0.014. 
x1. 


The safety factor is greater than 10. This should provide sufficient margin, even 
allowing for the approximate nature of the calculation. 


PROBLEM 7.7 In the amplifier of Prob. 7.6, determine the maximum current out- 
put without clipping due to saturation. Also determine the distortion for this 
output. 


Solution: Figure 7.17 gives the transistor collector characteristics with d-c and 
a-c load lines and the quiescent operating point Q (which was determined in Prob. 
7.2). Figure 7.17 also shows I¢ vs. Veg (Veg =— Vex = a positive number). 


Ic, amp —» 


Fig. 7.17 Excursion of collector current with sinusoidal base-emitter 
voltage drive. 
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From the saturation point P,, we determine Vz, at saturation. If we apply a 
symmetrical sinusoidal base-emitter voltage about Q from a zero impedance source, 
point P, is established. The output I¢ varies from 0.1a to 2.05a about I¢ = 1.05 a 
at point Q. This is the range of the a-c output current swing. 

Now determine distortion. This is accomplished by the methods of Appendix D. 
Use the following simplified formula, applicable to waves exhibiting primarily a 
moderate degree of second harmonic distortion: 

B I,+1,-2I9 


D, = — x 100 = 


x 100. 
B, 2(, -1,) 


In the present instance, J, = 0.1 a, I, = 2.05 a, andI9 = 1.05 a. Substituting, D, = 
1.3%, second harmonic distortion. 


PROBLEM 7.8 For the amplifier of Prob. 7.6, determine the driving current and 
voltage. 


Solution: Refer to Fig. 7.17, and interpolate to establish base currents: 
Io =0.1 a, Ip =—3 ma, 
Ig = 1.05 a, Iz = 10 ma, 
Io =2.05a, Ip =29ma. 


Peak-to-peak base current is 29 -(—3) = 32 ma. (From the above tabulation, note 
that base current is not sinusoidal, although input and output voltages are nearly 
so.) Peak-to-peak base-emitter voltage, from Fig. 7.17, is 0.7 v. Thus, input 
power may be approximately calculated: 


Input power = 0.7 0,032 _ 2.8 mw, ' 
V2 22 
Power gain = oe = 6400. 
0.0028 


This power calculation neglects distortion. However, it is certainly suffi- 
ciently accurate for the purposes of designing a driver stage to precede the power 
stage. 


7.3 Power Amplifier Design Equations 
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TABLE 7.1 Class A amplifier design formulae.* 


Formula Formula 


(Rr ¥ 0) 


(7.10a) 
RE PReTReN ES Vedlow Pe Pc (7.10b) 
BV max + 2Rrlo BV nox (7.10c) 
2 2 
‘ 
0.5 —Fe 0.5 (7.10d) 
Ry + 2Rr 

2 
BV max Rr BV inex (7.10e) 

| 219 4P 
0.5 (7.10f) 


Rg = Transistor saturation 
resistance 


~1 Ig=—& | (7.109) 


Re = Equivalent d-c emitter 
| circuit resistance 
Ro = d-c resistance of trans- 
former primary winding 


(7.10h) 


Fig. 7.18 Load line construction for 
Class A amplifier operation. 


PROBLEM 7.9 Using a 2N930 transistor in the circuit of Fig. 7.19 having a 
thermal resistance of 500°C/w and a permissible junction temperature of 175°C, 
calculate! 9 opt, Voc, Po, 7 (the collector circuit efficiency), and Ry’. Use BVmax = 
40 v, Rs = 50 Q, and assume an ambient temperature of 70°C. 


Solution: Start by determining the permissible transistor dissipation: 


175°C ~-70°C = 500°C/w x Pg. 


Rp =500 


Solving, the maximum permissible dissipation P, is 0.21 w. Also, 
Fig. 7.19 Single transistor power 
amplifier stage with transformer- Rr = Rc + Rg + Rs = 150 + 50+ 50 = 2500. 


led load. (See Prob. 7.9.) . 7 
Doe ee ae ee To determine the required performance characteristics, merely substitute in 


the formula of Table 7.1: 


BV inax 14 16Pc¢ Rr 
4Rr BV? 


max 


lo opt = Si]. [7.10g] 
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Substituting numerical values, I@ opt = 9.4 ma. Continuing, we obtain by direct 
substitution the following quantities: 


B 
Veg= Finest 2 hele. 22.3 v, [7.10c] 
B I 
P, - Vinaxlo _ Rrlg = 0.084 w, [7.10a] 
4 2 
Ry = Ry = PY mss _ Rp = 21300, [7.10] 
21, 
Ry 


n = 0.405, or 40.5%. [7.10d] 


~2(R+2Rp 


7.4 Common-Base Connection 


40 50 60 


Vea —» 
Fig. 7.21 Common-base transformer-coupled output stage, 


Fig. 7.20 Common-base characteristics of the 2N1537A BVocgo = 100v. 
transistor at Tj = 80°C and BVcgo = 100 v. 


PROBLEM 7.10 Design a transformer-coupled common-base power output stage 
under approximately the conditions of Prob. 7.6. Assume the transformer d-c re- 
sistance is 10% of the reflected load resistance and determine the optimum output 
transformer ratio. Calculate maximum load power, distortion, input current, volt- 
age, and power, and approximate input impedance, with current drive and voltage 
drive. Determine Vc and compare with the common-emitter amplifier of Prob. 7.6. 


Solution: The circuit configuration is shown in Fig. 7.21. From Prob. 7.6 and 
the manufacturer’s data in Appendix A, extract the following parameters: 


T; 


80°C, allowable junction temperature, 


hy 
i 


a= 25°C, ambient temperature, 


6,. = 1.3°C/w, thermal resistance, 
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logo =2 ma at 80°C, 
BVcgo = 100 Vv. 


Using these parameters, calculate permissible junction dissipation: 


Pou tin ts -B_ py, 
Oy 13 


Now refer to Fig. 7.20 where the 5 ma Ic¢go is shown on an exaggerated scale, 
since otherwise it would not be discernible. For the common-base connection, 
voltage breakdown occurs at BVcgo. A load line may therefore originate at 100v 
on the horizontal axis. For a permissible transistor dissipation of 42 w, the load 
line must be tangent to the Pc = 42 w hyperbola at Q(50 v, 0.84 a). This is the 
operating point. The load line, therefore, corresponds to 
50 
R, = oar” 59.5 Q. 

We have assumed that 10% of the apparent load resistance occurs in the out- 
put transformer winding, a reasonable assumption related to transformer efficiency. 
Thus, Ro, the transformer resistance, is 5.95 Q, and the effective load resistance 


must be 59,5 ~ 5.95 = 53.5 0. Since the load is actually a 10 Q resistor, theturns 
ratio may be determined: 


Calculate power output P, to the load. The rms current is J, = a = 0.6 a 
2 


(neglecting distortion). Therefore, 
2 
P= — x 53.5 = 19.2 w. 
y2 


Saturation actually reduces the power output slightly. 
Now establish Vec: 


Vec = Vo + Rc Io = 50 + 5.95 (0.84) =55v. 


For sinusoidal input current, output distortion is negligible. This is a direct 
consequence of the current gain characteristic of the common-base circuit, where 


hre 
— 


ee ay hrg >> 1. 
ltihpe = Rae 


However, there is no current amplification. 

The driving voltage, on the other hand, is decidely nonsinusoidal. The Veg 
vs. Ic curve, Fig. 7.22, is used instead of the usually unavailable Veg vs. Iz 
curve, with little loss.of accuracy. Note that the curves used should correspond 
to the actual junction temperature. 

From the operating points superimposed on Fig. 7.22, the evidence of voltage 
distortion is apparent. The lower voltage extreme is 0.45 v below the quiescent 
value, while the upper extreme is 0.3 v above the quiescent value. Using our ap- 
proximate formula for second-harmonic distortion from Appendix D, 


D, (%) = Ei + Fr = 2EQ , 
2(E, - E,) 


Substituting numerical values, 


0 + 0.75 — 2(0.45) 


|D,| (%) = Cha 


x 100 = |-10% = 10%. 
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The negative sign has no meaning; the second harmonic distortion is 10%. 
The fundamental component is similarly evaluated: 


Fundamental = Ect Ey, 


then substituting, the fundamental voltage is 0 + 0.75/2 = 0.375 v peak, or 0.265 
vrms. Since 1; = 1, = 0.6 arms, input power is 


P,; = 0.265 x 0.6 = 0.158 w. 


Power gain is 19,2/0.158 = 120. This is much less than the power gain of the 
comparable common-emitter circuit, explaining why the common-base circuit is 
not often used. 

Input impedance is readily estimated: 


0.6 a 
This is much lower than for the common-emitter connection. 

The only significant advantage over the common-emitter connection, apart 
from the somewhat increased output power rating, is the reduced distortion. This, 
however, can also be achieved by negative feedback from the power stage output 
to earlier amplifier stages (see Chap. 8). The high input current requirement of 
the common-base amplifier is a serious disadvantage. 

Now consider the same common-base amplifier circuit, Fig. 7.21, driven from 
a sinusoidal voltage source. This could be, for instance, a transformer input with 
a sufficient voltage step-down to reduce generator resistance Rg to a negligible 


value. 
5 
2N1537A 
5 { 4 
3 
ell 
4 2 
1.7 9 eestor een ese “7 
0.85 }Pf4-- WB id OO 
3 0.15 9 eats oe wets & 
01 Ast 1. : 
a i 
E ot tg | I 
ar) WoT 1 
iq 4) to | VERE 
mt V;, | 1 
1.70 ig fis i 
ent t Viet ' 
Oo 1 I 
= O.3ve_l bl | 
0.85 9 Vi, 
it 
0 i 
| 0.45 0.75 1,0 2.0 3.0 ay a 
E, Eo E, Ves, volt ———» = 
Fig. 7.22 Emitter-base voltage vs. collector current Fig. 7.23 Influence of generator source re- 
for T= 80°C. sistance on a 2N1537A transistor s tage 


characteristic. 


Figure 7.23 shows how the now distorted input current is obtained by graphi- 
cal construction. From the figure, we see that a maximum V; = 0.3 v peak (corre- 
sponding to 0.212 v rms), which avoids saturation clipping. Second harmonic 
current distortion is (from Appendix D) 


der eno) 


ROS, Gat 


x 100. 


Substituting numerical values from Fig. 7.23, D, = 10%. 


Fig. 7.24 Common-collector power 
stage driving an 8 {) load. 
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Neglecting harmonic distortion, input power is approximately 0.212 x 0.545 = 
0.115 w. The fundamental power output is 


P, = (0.545)? 53.5 = 15.8 w. 


Thus, power gain is 15.8/0.115 = 138. 

We may see the effect of introducing some moderate value of source resistance 
Rg: Figure 7.23 shows an input load line corresponding to an R, of 0.93. In- 
put voltage must be increased to 1.08 v peak, or 0.765 v rms, leading to an in- 
creased power input, P, = 0.545 x 0.765 = 0.418 w. Distortion is essentially un- 
affected by introducing R,. Much greater values, approaching a current drive 
input, would be required. 

The input resistance for voltage drive is 


0.212 © 


R; 
0.545 


0.40, 


nearly the same as for current drive. 


7.5 Common-Collector Power 
Amplifier Stage 


PROBLEM 7.11 Using the 2N1537A transistor with the same characteristics as 
in Probs. 7.6 and 7.10, design a common-collector power stage to drive an 8 2 
loud-speaker coil without an output transformer. Calculate maximum power out- 
put, distortion, input power, and power gain. Determine Vcc and Ver. If the 
transformer has a secondary resistance of 10, i.e., Rp = 10, calculate the sta- 
bility factor S. Source impedance R, = 0. 


Solution: Refer to Fig. 7.24 which shows the configuration of the power-stage 
circuit. Using the thermal characteristics of Prob. 7.6, permissible transistor 
dissipation is 42 w. Now draw a load line on the collector characteristics of Fig. 
7.25. Since collector and emitter currents are nearly equal, the load line is drawn 
to correspond to an 8 load. Therefore the figure will show the load line and 
the operating point Q corresponding to a 42-watt dissipation. Limiting the total 
output signal swing to avoid clipping due to saturation, voltage ranges from 3.5 v 
to 36.3 v, and the current swing is 4.2 a, p-p. Collector supply voltage Voc is 
thus 36.6 v. Neglecting distortion, 


33 4.2 
x 


22 95/0 
Figure 7.26 shows the! (=I ¢) vs. Veg characteristic. From this curve and 
the relationship 


P, = 17.3 w 


V; =Ic Re + Ves 


(V; = base voltage), the required swing of V; is determined as + 17.6 v around a 
bias point of Vez = 17.6 v. Because of this symmetry, there is no distortion to 
affect the accuracy of our calculations. 
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2N1537A 


Ig ,amp ——e 


Iz , amp—> 


~ 
Io 


Veg, volt —— » 


Fig. 7.26 Emitter-base voltage vs. collector current. 


Fig. 7.25 Collector characteristics with superimposed load 


line for Prob. 7.11. 


Input (base) current is readily determined from Fig. 7.25: 


Ip = 0.095 a, 


max 


IzoQ = 0.026 a, 
Te ain = — 0.005 a. 


It can be seen that Ig is quite nonlinear, so that a low source impedance is nec- 
essary to insure low output distortion. Using the methods already applied several 
times in the preceding problems, it may be determined that a 40 Q source imped- 
ance leads to about 5% distortion. The 1 0 transformer resistance leads to negli- 
gible distortion. 

Input current is very roughly 


0. 
—- 0.0475 ma peak, or 33.5 ma rms. 


This neglects distortion. Thus, 


Continuing, 


P, = 17-6, 33.5 x 10-* = 0.418 w. 
V2 


Power gain is 41.5, by far the lowest figure of each of the transistor configurations. 
To calculate S, use (4.38): 


s=14Re_1,1 4495. 
R 8 


E 
This low stability factor is characteristic of transformer-coupled input circuits.. 
To calculate collector efficiency 7, note that quiescent battery power is 36.6 x 
2.1=77 w. Efficiency, the ratio of power output to input d-c power, is 17.3/77 = 
22.5%. This poor efficiency is primarily due to the d-c dissipation in the 8 Q 
emitter load resistance. 


2N1537A 


Vep,volt ——» 


(See Prob. 7.11.) 


al 


Fig. 7.27 Push-Pull transistor am- 
plifier with trans former- coupled in- 
put and output. 


Fig. 7.28 Classes of amplifier oper- 
ation determined by portion of cycle 
in which the transistor is cut off. 
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7.6 Push-Pull Amplifiers 


puts are combined | by the action of the output transformer. 


PROBLEM 7.12 Design a push-pull Class A amplifier by combining two ampli- 
fiers of the type designed in Prob. 7.6. Draw load lines, determine its power out- 
put to a 10 Q load, and determine its second harmonic distortion when operated to 
the point where clipping barely occurs (maximum output). Also determine its ef- 
ficiency, and calculate the output transformer turns ratio. 


Solution: The push-pull circuit is shown in Fig. 7.29. Figure 7.30 shows the 
composite transistor collector characteristics, obtained by superimposing the two 
sets of characteristics to show push-pull behavior. Resistances R4 and Rp are 
used to adjust bias, as well as to optimize diode temperature compensation. The 
diode provides a compensating voltage drop for the variation in Vgg with tem- 
perature. 

From Probs. 7.6-7, the following quiescent operating conditions for the sep- 
arate transistor circuits are established: 


Io, = Ic, = 1.045 a, 
Voce = 40 Vv. 


The voltage drive is 0.7 v p-p, and bias is adjusted for the required Q-point. 

The design is similar to the design of single-ended Class A amplifiers, except 
for the effect of the output transformer, which couples the separate circuits. The 
basic transformer equation is 


= no, - I): 


Since the separate outputs are 180° out of phase, Ic, is maximum when Ic, is 
minimum, and vice-versa. 
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Ri =2n’R, =380 


Fig. 7.29 Push-pull power amplifier showing tempera- 
ture-compen sated bias circuit. 


Substituting extreme values, 


Fig. 7.30 Superimposed collector 
characteristics for evaluation of 
ben0)2 0« 19, quiescent output , push-pull operation. Load lines 
are shown fora Class A circuit. 


I, = n(2.05 ~ 0.1) = 1.95 n =1,, positive maximum output, 


IT, = n(0.1 — 2.05) = -1.95 n =1,, negative maximum output. 


It may be immediately noted that current swing is double the value for the single- 
ended circuit. Because of the symmetry of the peak output currents, the second 
harmonic distortion is zero (assuming identical transistors and ideal transformers). 
This freedom from even harmonic distortion is characteristic of symmetrical push- 
pull stages. 

The voltage swing across the load resistance R, is (38 + 38)/n v p-p. Calcu- 
late power output: 


assuming an ideal output transformer. 

From Fig. 7.30, since Rz = 2n’R, and R, = 10, Ry = 38. We may solve for 
the turns ratio (1/2 of primary to secondary), n = V1.9 = 1.38. 

With regard to efficiency, note that the output voltage swing is unchanged, 
and the output current swing is doubled, in comparison with a single-ended stage. 
Also, the supply voltage Vcc is unchanged, and I is doubled. Thus, efficiency 
is the same as for a single-ended stage. 


Fig. 7.31 Curved load line in push- 


pull transistor circuit. 


PROBLEM 7.13 Draw the equivalent circuit for a push-pull Class A amplifier. 
Reduce it to a simple format for easy analysis. 


Solution: The equivalent circuit is shown in Fig. 7.32. Because of symmetry, 
the circuit may be reduced to the single-transistor circuit of Fig. 7.33, where the 
circuit parameters are modified appropriately by factors of two. The equations for 
the single-transistor circuit of Fig. 7.33 are identical to the equations of the com- 
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— 
ons 


Fig. 7.33 Simplified single-transistor equivalent circuit of 
push-pull Class A amplifier. 


Fig. 7.32 Equivalent circuit of a push-pull 
Class A amplifier. 


plete circuit of Fig. 7.32. The reflected load impedance is ’R,, half of the load 
for each transistor. 


7.6b Class B Push-Pull Amplifier 


Toy 
<+— 
Ip, 
— 


Ic 


Load =n’R, =Rp 


‘6 Vec 2Vcc 
Ip, Voge Cena coal 


Fig. 7.35 Load line for a Class B amplifier, 
- le. 
Fig. 7.34 Push-pull Class B amplifier. euaei for hala evels 


Ww 2n:1 
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100 
Vor, volt — >» 


Rp =rR, 


= 380, aa Double amplitude 


~~ 2Vcc 


Fig. 7.37 Waveforms in a push-pull Class B amplifier. 
Fig. 7.36 Superimposed collector character- 


istics for evaluation of push-pull operation. 


4 
ts 
2 2 jeoe 
1 distorted 
16) 
~~ 
—VBE — 
| Time 
aes ee a ee ries eae = 
| 
| 
Input 
sinusoid 
f it 
E 
E E 
= 
b 
(a) (s) 


Fig. 7.38 (a) Superimposed 2N1537A transistor characteristics showing distortion in 
push-pull output. This distortion is due to an equivalent offset in Vaz. (b) Typical 
crossover distortion in a Class B push-pull! amplifier. 


(b) 


Fig. 7.39 (a) Superimposed 2N1537A 
transistor characteristics showing 
how crossover distortion is elimi- 

nated by modifying the bias of push- 

pull transistors. Compare with Fig. 

7.38(a). (b) Class A-B push-pull am- 

plifier biased to eliminate crossover 

distortion. 
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TABLE 7.2 Class B push-pull amplifier, design formulae. 


Formula 
(R70) 


VocRi 


4(Rr+RziY 


2 
Voce 
mRr 


we Rp 
4Rr+Rzy 


2 
Vc 
WP o 


i Ri, \ 
T(z + =) 


2Vec — BV nax Voc+7Pr RrVec 
ies BV nax Po Ryr 


Voc 
m(Rr + Rz) 


Formula 
(Rr= 0) 


kVecc 
7Ry 
(per transistor) 
ka 
4 
eV ee 
4R; 
(per transistor) 


Equation 


(7.12a) 


(7.12b) 


(7.12c) 


(7.12d) 


(7.12e) 


(7.12) 


(7.128) 


(7.12h) 


(7.12k) 
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Rr=Rs+Rot+Re 


Loadline 
MR, = Ry 


Vos Veco BV, 


max 


2V, -V = BY, 
Fig. 7.40 Class B push-pull circuit rearranged for convenient ee a ne 


calculations. Fig. 7.41 Load line characteristics 


applicable to the push-pull Class B 
circuit. 


PROBLEM 7.14 For the Class B circuit of Fig. 7.42, determine Vcc, P,, n, oD 
R;, R,, and R,. Use a maximum collector-emitter voltage, BVmax = 45 v. Thermal 


resistance 0,, = 500°C/w, and T, = 175°C, max. Assume that the maximum am- 
bient temperature is 70°C. 


R, 


tt. 
On — 


Ro =300 
Fig. 7.42 Push-pull Class B transistor amplifier. (See Prob. 7.14.) 


Solution: Estimate allowable collector dissipation Pg: 
1 
Po = Ojq (175 ~ 70) = =~ (105) = 0.210 w. 


Saturation resistance Rs = 500 (see Prob. 7.9). No emitter resistor is used, 
since for Class B biasing, minimum power loss is more important than stability. 
Therefore, 


Rr =Ro + Rs = 50+ 30 = 800. 
To find Voc, refer to Table 7.2: 
2Vcc - BVmax Voo +7 Pc Rr Veco =BVmax Po Rr7. 7.124] 
Substituting numerical values and solving, 
Vec = 25.14 v. 
For our purposes, it is sufficiently accurate to let 


Vec = 25 ve. 
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Again, referring to Table 7.2, 


v2 
R,’= cc = 302 Q, 
L Po [7.12d] 
2 a 

ome Vee Re... 0.323 w per transistor. {7.12a] 

4(R,+R,)’ 

For both transistors, oe = 0.646. w. 

Continuing, 
ieee © BE 2965 5 62%. [7.12c] 
4 Rr + Ry 


The transformer tums ratio is obtained from the relationship R,’ = n?Rz, so that 


70 n = 0.376. 
To minimize cross-over distortion, particularly important at small-signal am- 
60 plitudes, a bias of Ver = 0.25 v at T; = 175°C is required (see Fig. 7.43). This 
as 2N930 curve is actually derived from the 125°C curve, since the curve for 175°C was 
1 T;, at 175°C H not available. The required characteristic is derived from the 125°C Arg vs. Ic 
40 ! characteristic. (Approximations in our method are acceptable, since Arg nor- 
2 Linear i mally varies more among individual transistors than with temperature. Further- 
6 30 approxima-;f Actual more, refinements in adjustment are best made experimentally.) The sloping 
- ses straight line approximation moves 2 mv/°C to the left for increasing T). 
20 We may use a silicon diode for R, in Fig. 7.42. The diode should carry about 
ten times the sum of the base bias currents for the two transistors, or about 5 ma. 
10 Since Voc = 25 Vv; 
"a Ol 02 03 04 0.5 R, = Vee __ 25 ___ sa Q. 
5x10-* 5~x 10-3 


VEE, volt ——> 


If we do not use the temperature compensating diode, 
Fig. 7.43 Approximate method to 
determine bias offset to eliminate = 0.25 =50Q9 
crossover distortion. ane, 0.005 — 


PROBLEM 7.15 In the circuit of the preceding problem, what is the input power 
for maximum output? What is the power gain? 


TABLE 7.3 Measured parameters on a 2N930 transistor. 


2:2 
4.1 
10 
20 
47 
79 
120 
161 
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Solution: Refer again to Table 7.2: 


lo max = ————— = —— = 0.0655 a. [7.12k] 


From Fig. 7.43, this yields Vg ez = 0.395 v, and from Table 7.3, Ig = 240 pa. Neg- 
lecting distortion, we need Vax = 0.15 v peak at Ip = 240 pa peak, for a collector 
current of 65.5 ma. Thus, 


_ 0.15 x 240 x 10-° 


P eee = 18 pw, 
; Vaxv2 
0.646 
P ip eo 000. 
ower gain is Re 10-6 


7.7 Supplementary Problems 
PROBLEM 7.16 Define the terms 7cgo, BVceo, and BVcgs. 
PROBLEM 7.17. Explain the avalanche effect. 
PROBLEM 7.18 What.is the effect of temperature on hy, and 1,,? 


PROBLEM 7.19 (a)Define thermal resistance. (b) Describe mathematically 
the effect of change in temperature on the power that is transferred to a body. 


PROBLEM 7.20 Derive the optimum bias point of a common-emitter amplifier 
for maximum power output. 


PROBLEM 7.21 What is the maximum efficiency of a class A amplifier? 


PROBLEM 7.22 Design a power stage for maximum power output using the cir- 
cuit of Fig. 7.5 and the transistor characteristics of Fig. 7.6. Ignore distortion 
and assume negligible leakage at the temperatures of interest. Maximum junc- 
tion temperature is 150°C; maximum ambient temperature is 50°C. The total 
thermal resistance from junction to ambient is 2°C/w. 


PROBLEM 7.23 Repeat Prob. 7.22 for the circuit of Fig. 7.7. 


PROBLEM 7.24 Consider a 2N1532 transistor in the circuit of Fig. 7.19. Let 
Ro =00, Re =1000, Rs =2Q, and BVceg =50v. The junction tempera- 
ture is 90°C, the ambient temperature is 50°C, and the thermal resistance 9;¢ is 
0.6°C/w. Evaluate Ig ops Voc, Po, 7, and R_. Compare the results with those 
of Prob. 7.9. (Cf., App. A for the characteristics of a 2N1532 transistor.) 


PROBLEM 7.25 Repeat Prob. 7.24 using the push-pull circuit of Fig. 2.42. 


Fig. 8.1 


Block diagram of a feed- 
back amplifier. 
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8.2 Types of Feedback 


PROBLEM 8.3 Referring to Fig. 8.4a, state what type of feedback is used. 
Calculate input and output impedances, and voltage gain. 


r= ms = 


Vec=30v 


(a) 


(c) 


Fig. 8.4 (a) Feedback amplifier. (b) Equivalent circuit of (a). (c) Transistor equivalent 
circuit. 


Solution; The derived feedback is proportional to the output voltage. This is 
voltage feedback. The feedback voltage acts to inject current into the transistor 
base circuit, in parallel with and subtracting from the applied current, /;. Figure 
8.4b shows a simple equivalent circuit, in terms of input and output impedances, 
of the common-emitter transistor stage. The hybrid circuit for the transistor itself, 
including the bias resistors, Rp and Rg, is illustrated in Fig. 8.4c. 

To calculate voltage gain from Fig. 8.4b, it is necessary to determine A,, 
the voltage gain in the absence of feedback. An effective load resistance Ri, 
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must include the separate parallel paths of R, and R;. Resistance Ry; must be 
known in order to calculate the open-loop gain A,. Fortunately, R; is so high 
that we usually ignore the contributions of R; in determining Ri. 
Now calculate A,z, , the voltage gain with R, connected: 
t 
ee ae le [5.8] 


V; h,, |1+ Rt @ = | 


te 
Calculating R; as described above, 


RR 
Rr = £8 \| R;, 
Ry + Rs 
or, substituting numerical values, Ry = 3220Q. Substituting in (5.8), the expres- 
sion for voltage gain in the absence of feedback is Ay, = —420. 
Define a voltage feedback factor, 8,, such that 


R} 
<= i (8.20) 
Rj + R; 
where R; is the parallel impedance of R; and Rg, the bias resistor. 
From (5.6), 
R; = ie = hte bre 
h 1 
oe + Ri 


Substituting numerical values in (5.6), R; = 20300. This is essentially equal to 
R;, since the contribution of Rg is negligible. Therefore, 


6, = 2030 
*” 100,000 + 2030 


= 0.0199. 


We may use this feedback factor to develop a convenient formula for input 
impedance including the effects of feedback, Rj¢: 


Vi 
R areas | 
if 1, 
I, =I, -1;, 
| eee eres 
Avi R; 
Vo 
I; = Senipia Tae . 
R; + Ry 
These equations may be combined to yield an expression for Rj: 
Ris = Mi = cS oe, (8.21a) 
I; I, Vo 
R;+Re 
or 
t 
Ri, = —e® (8.21b) 
I, -_ I, Avi R; 
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Cancelling J, and substituting the expression for B, in (8.21b), 
enc! ee 
1_-A,, B, 


Recalling that A,; is negative, note that parallel feedback decreases the in- 
put impedance of an amplifier by a factor of 1 - Ay, B,, or, more generally, 
1 — A,B, where A, is voltage gain, and B is the fraction of fed-back voltage. 
Substituting numerical values, 1 - A,, B, = 9.35, and Rj; = 2030/9.35 = 217 Q, 
a very large reduction due to feedback. 

Consider the effect of feedback on voltage gain: 


4 Rig 
y eee | ee 
Vg Ris + Rg 


Ritz (8.22) 


(8.23) 


Substituting numerical values, 


Yo __420 217 __75, 
Ve 1217 


Without feedback, R;' = 20300 is used instead of R;, in the equation for gain. 
Numerically, 
t 

Ey ee a ge aT 

V5 Ri + Rg 3030 
Feedback has led to a substantial loss in gain. However, gain variation and 
noise have been reduced by the same factor, achieving important advantages, as 
previously explained. 

The output impedance remains to be calculated. To do this, ‘‘cut”’ the output 
circuit as shown in Fig. 8.4b, and determine the impedance seen looking back 
into the amplifier from R,. 

Define a voltage gain, A,,., analogous to Ayr, but with Rz; removed. A new 
parameter, R;', is the apparent input impedance seen looking back toward the input 
through R;: 


1 RiR 
R/=—}-4_. 
R; +R, 


Therefore, 


VR} 
V,;=—2-! -V,£,. 


OR + Ry 


The basic transistor output impedance in the absence of feedback, R, (Fig. 8.4c), 
is determined as 

a [5.9] 
hee hre 
hie + Rg ‘ 


oe 


Referring again to Fig. 8.4b, R, is parallelled by Rs and R; + Rj Ry to give an 
effective output impedance, Rj, still omitting the effect of feedback. Similarly, 
we may determine the open-circuit voltage gain, A,,, with R;, removed. Gain A,, 
is computed using the previously developed gain formula with a load resistance 


R;Rs 


Ri ; 
- Rr+Rs 


the resistance parallelled with R, in calculating Rj. The following formulae are 
applicable: 
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Ay = V2 2“ Re _____, [5.8] 
i hi 14, (gg — ete 
hi, 
ee [5.9] 
Boe = Ate hee 
hie + R, 


Now include the effect of feedback to calculate R,;, the output impedance in 
the presence of feedback. The feedback voltage, with V, applied to the output 
and V, shorted, is 


WeeVe= 


—i_ , (8.24 
° RI 4 Ry ) 


where R;'is the parallel impedance of R; and Rg. The ratio, Rj/(R;' + Ry), is an- 
other feedback factor, B,, specifying the proportion of output signal fed back to 
the input. This fed-back voltage is, of course, amplified and applied to the out- 
put as V, B,Ay.. Output impedance, Ros, is easily calculated from output cur- 
rent, I, : 
I, = Vo -V, B, Avo a 
Ro 


Solving for Ros = Vo/IL, 
Ro 


—_—_—_—_r—_ 8.25 
I~ A,B, a 


Rot = 


This formula shows how output impedance is reduced by the factor, 1 - Ay, B,, 
due to voltage feedback. 
Substituting numerical values in the above formulae, 


Ry = 47500, 
R;' = 705 Q, 
A,,. = —618, 
R, = 84 KO (transistor alone), 
Rj = 4500 Q, 
1~—A,, B, = 1.425, 
R,; = 3160 0. 


Note that the decrease in input impedance is not the same as the decrease in 
output impedance. 


PROBLEM 8.4 Repeat Prob. 8.3, using the circuit of Fig. 8.5a. 


Solution: Figure 8.5a shows a common-emitter feedback amplifier. Feedback is 
taken across a resistor in series with the load. The fed-back voltage is propor- 
tional to load current; this is current feedback. Figure 8.5b shows the equivalent 
circuit of this feedback amplifier. The fed-back voltage is summed at the input 
in series with the applied input signal. The amplifier equivalent circuit without 
a load termination, but including bias resistors, is the same as given in Fig. 8.4c. 
Now start by calculating voltage gain, and then the input impedance. Use 
roughly the same procedures as in Prob. 8.3. However, we can use simplifying 
approximations more freely. Highly accurate calculations are rarely justified. 
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Fig. 8.5 (a) Amplifier with feedback voltage proportional to load current. (b) Eoutvalent 
circuit of (a). 


If we neglect a small amount of forward feed from input to output through R,, 
and ignore the loading effect of the 100 KQ) feedback resistor R¢, then the gain, 
Ayr =-—420, is the same as in Prob. 8.3. The feedback factor is easy to calculate: 


R 1 
PRR, 20 
Again, by referring to Prob. 8.3, 
R/ = 20300. 
We must now calculate Rj; = V,;/I,. From Fig. 8.5b, 
Vi=Voe—Vi, 
Ve = Ave Vee By, 
I, = es 


Combining and solving, 


Vi = Vow — Avi Vie By = Vo, (1 —Avz Bi), 


R,, = V; = Vee (1 — Avr B,) 
Ng a a ee 
4 V be 

R; 


Ay BORE: (8.26) 


The series feedback at the input increases the input impedance by a factor of 
(1 = Avi B,). 


Substituting numerical values, 
Ayr B, = (—420) (1/20) = —21, 
R,, = 2030 (1 + 21) = 44.7 KQ. 


Now determine the closed-loop voltage gain: 


Vo = Vac Avi = V; Avr . 
V; Vy a ee Avi B,) Ve 
But 
V; = Ve Rit ; 
Rit + Rg 


so that 
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[CO eS (8.27a) 
Vg (1 = AyL B,) Rit as Rg 
For substantial feedback, where A,; 8, > 1, and Riz > Rg, 
Vow 1 Ri wil. (8.27b) 


Thus the closed-loop voltage gain becomes, to a large extent, only a function 
of the feedback factor B,. Substituting numerical values, solve for A,¢, the volt- 
age gain in the presence of feedback: 


44,700 (409) 
a, Ve . 45,700 
Va G2) 
=-19.1. 


The approximate value, A,,; = —1/B, = —20, checks very well. Without feedback, 
the gain is 
R; 2030 


a a) Bis Se AO a 08): 
ReR 3030 © 420 


The reduction in gain is accompanied by greatly improved stability. Very 
large percentage changes in the transistor characteristics are accompanied by 
very much smaller percentage changes in amplifier gain with feedback. Where 
very high gain is required, it is much better to cascade stages, while employing 
generous amounts of feedback. 

Now we calculate the output impedance. Proceeding as before, we open the 
output circuit by disconnecting R,, and substituting an externally applied volt- 
age, V,. Source voltage Vg is short-circuited. For this condition, the voltage 
gain, as before, is Ay. = —618 (neglecting the small influence of Ry). Hence, 


R 
V, =Rely = f Vo = B2Vo , 
Rr+Rr 
R Ve —RrAyolr +Rél, + Rely 
6S SS SS ap ee Oe 
I, I, 
Ror = Re + Ry(l - Ayo). (8.28) 


Current feedback has increased the output impedance by R;(1 — A,.). Substituting 
numerical values, 


Roz = 4500 + (500)(421) = 25,500 0. 
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e = e, —e¢,, in the closed-loop circuit 


Fig. 8.6 Open-loop configuration of 
feedback amplifier circuit. 


ee 
en 
oe 


Marginal 
stability 
Unstable 


P = Nyquist point at unit distance 
from origin and 180°. 


PROBLEM 8.5 Refer to Fig. 8.8 which shows several Nyquist complex gain 
plots, and indicate what plots correspond to stable closed-loop conditions. 


Fig. 8.7 Polar coordinate Nyquist 
plot of open-loop gain. Increased 
gain leads to oscillation at fre- Solution: The required solution is noted directly on the figure. 
quency @.1f gain is set to the un- Normally, in the mid-frequency range of amplifier operation, gain is relatively 
stable value, resulting oscillation : : : : . ‘ ; 
. uniform with frequency, with phase shift approximately zero. It is only in the 
leads to a gain loss so that the ; ; ; 
curve passes through P.° low- and high-frequency regions of operation that large phase-shifts occur. Thus, 
in the design of feedback amplifiers, much attention must be given the low- and 
high-frequency gain and phase-shift characteristics to avoid instability, even 
though normal operation may be required only in the mid-frequency region. 
There is a practical point to be observed in relating open-loop and closed- 
loop characteristics. When breaking the loop, care is necessary to ensure that 


terminating impedances are unchanged. The load on the open feedback circuit 


* The intuitive concept of encirclement becomes somewhat ambiguous for complex circuits, and thus 
Nyquist’s stability criterion must be extended. However the topic, amply covered elsewhere, is 
outside the scope of this book. 
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must correspond to the effective impedance seen by the feedback circuit when 
the loop is closed. Similarly, the effective impedance in the amplifier input cir- 
cuit must be unchanged for the open-loop analysis. 


PROBLEM 8.6 Consider the simple multi-stage amplifier of Fig. 8.9 which 
shows the individual amplifier stage and the three cascaded stages, with identical 
interstage coupling networks. The fraction of output voltage fed back to the input 
is designated as B. For simplicity, it is assumed that B does not affect either 
the load seen by the amplifier output, or the driving impedance seen by the input. 
For B = 1/100, determine whether the amplifier is stable. Use Nyquist’s criterion, 
with suitable approximations to simplify calculations. 


Solution: The key to a reasonable and simple solution is to analyze circuit 
behavior separately at low and high frequencies. The wide separation between 
low- and high-frequency regions makes this procedure possible. 

Gain falls off at the extreme frequencies. At very low frequency, gain is 
attenuated by the series capacitor, C,; at very high frequency, R, in combination 
with the shunting capacitor, C,, serves to attenuate the gain. 

Consider the interstage network at low frequency, where C, K C, may be 
neglected in comparison with R;, and the reactance of C,. The interstage network, 
at low frequency, therefore introduces an attenuation (for three stages) of 


3 H 3 
Koh a pio). (8.29) 
1 14+ joR;C, 


Ri+- 
jac, 


* 3 
K, -( ue . 
1+jo 


Similarly, the attenuation at high frequency may be approximated. The net- 
work components of importance in this region are R, and C,.In the high-frequency 
region, C, is essentially a short-circuit, while R; is much higher than the re- 
actance of C,. Therefore, 


Substituting numerical values, 


° 3 
K, = —ieG, _ oer. (8.30) 


R; = 100KQ, R,= 1000 
(a) C, = 10 uf, 


(b) 


+1 
of 
Stable 


‘ 


Stable 


CZ 
Unstable 
of | 

Unstable 


Fig. 8.8 Typical Nyquist frequency 


(a) 
= 
(b) 
(c) 
ai 
(d) 


plots on polar coordinates. 


C, = 0.1 pf 


Fig. 8.9 (a) Simple multi-stage amplifier, and (b) its three cascade stages with identical 


interstage coupling networks. 
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Substituting numerical values for R,C,, 


1 3 
K, = eee . 
1+ jo@10°5 


Compare (8.29) with (8.30). For (8.29), as frequency increases to the rela- 
tively flat mid-frequency region, Kj + 1. Similarly, for (8.30), as frequency de- 
creases to the mid-frequency region, K, + 1. These limiting high- and low-fre- 
quency conditions must, of course, lead to the same mid-frequency gain if our 
approximations are valid. 

Open-loop gain, used in plotting the Nyquist characteristic, corresponds to 
the attenuations calculated by (8.29) and (8.30), multiplied by the feedback 
‘factor 8, and the gains of the amplifier stages, (10)*. Figure 8.10 shows the 
Nyquist characteristic plotted over the entire frequency range. Note that the 
Nyquist point is encircled not once, but twice, in both the low- and high-frequency 
regions. The loop is clearly unstable. 

10 Re Note particularly that (for this special case), the high- and low-frequency 
regions of the curve exhibit the same gain at 180° phase shift. Reducing the gain 
by 80% (by reducing B from 1/100 to 1/125) leads to a marginally stable system. 
Of course, this marginal stability is not practical; at least 6 db of gain margin 
are normally recommended for the 180° phase-shift point. 


—1.25 


- 
\ 


Fig. 8.10 Nyquist plot of transfer 
function of Prob. 8.2. Note that 
gain is 1.25 at 180° phase for 
high- and low-frequency regions. 


PROBLEM 8.7 For the feedback amplifier of the preceding problem, determine 


the frequency and gain at which phase-shift equals 180° at both ends of the 
. frequency band. 


Solution: The loop gains for 8 = 1/100 are given by the following equations: 


: jo 
Kj (loop gain) = 10/ : ; {8.29] 
l+jo 
K, ( oe | i | [8.30] 
00 ain) = > . 
Ware (esarcd 


The frequency of K; has a 180° phase shift when 
270° — 3 arctan w; = 180°, or arctan w; = 30°; 


that is, when w; = 0.577. 
Gain at this point may be calculated by substituting w, = 0.577 in (8.29): 


0.577 

K,| = 10 ay 
a 

IK | [1+ 0.5777]? 


Similarly, K, has a 180° phase shift when 
3 arctan 10° w, = 180°, or tan 60°= 10% w, = V3. 


Solving, 


@p, = V3 x 105. 
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To calculate gain, substitute w, = V3 x 10° in (8.30): 


io Ae 
[1 + 3]°7? — 


\K,| = 10 = 1.25, 


PROBLEM 8.8 Solve Prob. 8.6 using the Bode plotting methods of Appendix C. 


Solution: The asymptotic solution is shown in Fig. 8.11. The phase shift needs 
but to be sketched in, taking accurate points only in the vicinity of 180° phase 
shift. A convenient stability check, well-suited to the asymptotic method of 
plotting gain, is to calculate phase shift at those frequencies where asymptotic 
gain falls to zero db, as shown in Fig. 8.11. If phase shift exceeds 180°, insta- 
bility occurs. As shown on Fig. 8.11, phase shift does indeed exceed 180° when 
gain has fallen to unity. 


30 


20 


10 


Phase shift, degrees ——»> 


107 107 10° 10° 8 10? 10° 10 8§610° 10° 10’ 
o> 


Fig. 8.11 Bode plot of open-loop gain of amplifier circuit of Fig. 8.9. 


PROBLEM 8.9 For the feedback amplifier of Prob. 8.8, determine the feedback 
factor B for the condition of marginal stability. Also find 8 for a 135° phase shift 
at the asymptotic zero db point (45° phase margin). 


Solution: From Fig. 8.11, 8 = 1/125 and 1/355 for 0° phase margin and 45° 
phase margin, respectively. These results are necessarily compatible with those 
obtained from the Nyquist plot. 
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8.5 Operational Amplifiers 


ee 
eee 


cee 
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PROBLEM 8.11 For the feedback amplifier of Fig. 8.12, A = 100, Z; = 100 KQ, 
Z,=2Z,=0,Z,=100KQ, Z; =1MQ. Find the exact gain, and compare with 
the gain calculated by the approximate formula (8.32). 


Solution: The gain is obtained from 


ot, bee fe 14+ ee Aid 
10° ~— 10° 100 \105 10° 10°6/| 


Simplifying, 
ei, = Z (1.21) = —0.121 Co ’ 
Se _ gain = -8.25. 
e; 


The gain is —10 by the approximate formula. The approximation is poor because 
of the low gain, A = 100. 
PROBLEM 8.12 Repeat the preceding problem for A = 10°. 


Solution: Substituting, as before, 


Si, ee 1, 10° 1,1 1 
10° ~~ i0¢} * 308 \ to" * 10* * foe/] ° 
Simplifying, 
eo _10 


e —- =——.. 
e,, 1.00021 


£0 
=- — (1.00021), 
x0 ) 


1 


The error introduced by using the approximate formula is 0.02%. 


PROBLEM 8.13 Refer to Fig. 8.12, with Z, = 100 KQ, Z, = 1MQ, Z, = 10KQ, 


Zr = 10°. Let A be essentially infinite so that we may use (8.32). Find e, in 
terms of e;,, e;,, and e;,. 


Solution: The following is the required expression: 


ei, ei 3 Co 


See ch alee 
10° 10°  10* ~—«:10® 
Simplifying, 
—@€, = 10e,, + ei, + 100 e;,. 


The voltage e, is the sum of the inputs, each input with an appropriate scale 
factor. The arrangement of input resistors is called a summing network. 


PROBLEM 8.14 In the circuit of Fig. 8.10, Z; =1/(jwCp), where Cp is a feed- 
back capacitor, Z, = 1 MQ, Z, = Z, = «. Assume A is essentially infinite. Find 
the gain. 


0 


Fig. 8.13 The circuit of Prob. 8.24. 
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Solution: Substituting in (8.32), 
e e . 
ant = < =J@ Cr Co, 
joCr 


gd 40: 
eC; oCr 


The gain varies inversely with the frequency of the input. This is a characteristic 
of an integrator. Output represents the integral of input. This circuit is widely 
used in analog computers to carry out the critical integration function. 


8.6 Supplementary Problems 


PROBLEM 8.15 What type of feedback produces low input impedance and low 
output impedance? 


PROBLEM 8.16 What type of feedback produces high input impedance? 


PROBLEM 8.17 What type of feedback is commonly used in operational ampli- 
fiers? (Cf., Fig. 8.12.) 


PROBLEM 8.18 Discuss the advantages of negative feedback. 


100(1000 + jw) 


PROBLEM 8.19 If the voltage gain of an amplifier is A, = : , fin 
1+0.ljw 
(a) the d-c gain, and (b) the gain at 1 MHz. 
: , : 1000 
PROBLEM 8.20 Using the block diagram of Fig, 8.3, let A, = je? 
= dB =0.1. Calculat = d (b) at 1H 
2=o.015e1°% B=0.1. Calculate (a) geen Ve at Ze 
PROBLEM 8.21 Using the block diagram of Fig. 8.3, let A, sO A, = 
jo + 
0.15 +1 


0.01521’ and B=0.1. Calculate (a) = at 1 Hz, and (b) =) 
PROBLEM 8.22 Using the system of Prob. 8.20, determine the (a) forward 
gain at 1 Hz, (b) zero-frequency forward gain, (c) feedback gain at 1 Hz, 
(d) zero-frequency open-loop gain, (e) closed-loop gain at 1 Hz, (f) zero- 
frequency closed-loop gain, and (g) frequency at which the closed-loop has 
dropped 3 db below its initial value at zero-frequency. 


PROBLEM 8.23 For the circuit of Fig. 8.9b, determine (a) the closed-loop 
gain at w = 200, (b) the change in the closed-loop gain at w = 200 if the stage 
gain increases from 10 to 20, and (c) what happens if the stage gain is reduced 
to 7. 


PROBLEM 8.24 For the transistor Q, in the circuit of Fig. 8.13 the parameters 
are B= 100, r, = 100, r, = 00, and r, =, Determine (a) the nature of the 
feedback used, (b) Ay = e./ei, and (c) Zin and Zo. 


_APPENDIX 


TRANSISTOR 
CHARACTERISTICS 


A.1 Types 2N929, 2N930 n-p-n 
Planar Silicon Transistors* 


FOR EXTREMELY LOW-LEVEL, LOW-NOISE, HIGH-GAIN, 
SMALL-SIGNAL AMPLIFIER APPLICATIONS 


@ Guaranteed he¢ at 10 ya, Ty =-55°C and 25°C 


@ Guaranteed Low-Noise Characteristics at 10 pa 


Usable at Collector Currents as Low as 1 pa 
Very High Reliability 
2N929 and 2N930 Also Are Available to MIL-S-19500/253 (Sig C) 


THE COLLECTOR IS IN ELECTRICAL 
CONTACT WITH THE CASE 


ALL DIMENSIONS ARE 


tN INCHES 
anas cuesnwiss ALL JEDEC 10-18 DIMENSIONS 
AND NOTES ARE APPLICABLE 


Fig. A.1 JEDEC registered mechanical data. 


TABLE A.1 JEDEC registered absolute maximum ratings at 25°C free-air temperature 
(unless otherwise noted). 


Collector-Base Voltage 2.2... ec eee ee eee eet ee eens 45 
Collector-Emitter Voltage (See Note 1)... 0.0.0... 0c cee ec eee eas 45 ¥ 
Emitter-Base Voltage ...... 0... cece ee ee ete eee eee eens 5v 
Collector’ Current! occ teut ot:ggtts dom ates day ot wale ays oo BARE SESS Bae 30 ma 
Total Device Dissipation at (or below) 25°C Free-Air Temperature (See Note 2) ..... 300 mw 
Total Device Dissipation at (or below) 25°C Case Temperature (See Note 3)....... 600 mw 
Operating Collector Junction Temperature .. 0.0... . cece ee ee eee 175°C 
Storage Temperature Range...... 0... 0. cece eee eee eens tees ~65°C to + 300°C 


* This value applies when the base-emitter diode is open circuited. 
? Derate linearly to 175°C free-air temperature at the rate of 2.0 mw/C% 
* Derate linearly to 175°C case temperature at the rate of 4.0 mw/C°. 


* TEXAS INSTRUMENTS Incorporated. 
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TABLE A.2 JEDEC registered electrical characteristics at 25°C free-air temperature (unless otherwise noted). 


PARAMETER 


BYceo Collector-Emitter Breakdown Voltage 


BVeso —Emitter-Base Breakdown Voltage 


Ices Collector Cutoff Current (See Note 2) 


Iceo — Collector Cutoff Current 


leso Emitter Cutoff Current 


hee Static Forward Current Transfer Ratio 


Base-Emitter Voltage 
Vcejsat) Collector-Emitter Saturation Voltage 


Small-Signal Common-Base 
Input Impedance 


Small-Signa! Common-Base 
Reverse Voltage Transfer Ratio 


Small-Signal Common-Base 


ob Output Admittance 


Small-Signal Common-Emitter 
Forward Current Transfer Ratio 


Small-Signal Common-Emitter 


[hr Forward Current Transfer Ratio 


Common-Base Open-Circuit 
Output Capacitance 


le = 10 ma, 
le = 10 no 
Voce = 45 v, 
Voce = 45 v, 


Vee = 5 v, 
Ves = 5 y, 
Vee = Sy, 
Voce = 5 y, 


Vee =5 Vv, 


ls = 0.5 ma, Ic = 10 ma, 


ls = 0.5 ma, Ic = 10 ma, 


Vos = Sy, 


Vos = 5 v, 


TEST CONDITIONS 
ls — 0, 
Io =0 


(See Note 1) 


Vez = 0 
Vee = 0, 
I= 0 

Ic =0 

Ic = 10 pa 
Ic = 10 pa, Ta = — 55°C 
Ic = 500 pa 


T, = 170°C 


(See Note 1) 
(See Note 1) 


le = 10 ma, 


(See Note 1) 


le = —1 ma, f = 1 ke 


le =—1 ma, f= 1 ke 


lc=1ma, f=1 ke 


~— 
nn} oOo 
o|o 


‘These parameters must be measured using pulse techniques, PW = 300 psec, Duty Cycle S 2%. 
*leES may be used in place of Iago for circuit stability calculations. 


TABLE A.3 JEDEC registered operating characteristics at 25°C free-air temperature. 


— = Ic = 10 pa, Rg = 10 kN 
NF Average Noise Figure Vee = 5 '¥, Ic = 10 pa, Re 


Noise Bandwidth 10 cps to 15.7 kc 
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A.la Typical Characteristics 


1000 


ey 
cir Maximum hfe 


ot T, = 25°C +H 


is 
matt 
si 
a 
oan 


‘— TH 
nt ae 
iemeti Minimum hy, mani 


at T, = 25°C 


0.0 100 
in - Bice ae — ma 


8 


ao ee 


— Small-Signal Common-Emitter Forward Current Transfer Ratio 


h 


Fig. A.2 2N929 transistor: small-signal common- 
emitter forward current transfer ratio vs. collector 


current. 


- 


WV, 
WV | 


h;, — Small-Signal Common -Base Input Impedance — ohm 


100 L—14 
=e ESAS maximum ha 
as HHH SS SA 14 aaa = 
pT ET INN 
Co CSS San 
PATER ee fll “SS 
10 at T = 25°C (| ineas:: 
~0.01 -0.1 -1.0 -10 


I, <= Emitter Current — ma 


Fig. A.4. 2N929 and 2N930 transistors: small- 
signal common-base input impedance vs. 
emitter current. 


ae i 


1 00 eee 
=e, 


10 
0.01 10 


7 _ Pee ee — ma 


hy. — Small-Signal Common-Emitter Forward Current Transfer Ratio 


Fig. A.3 2N930 transistor: small-signal common- 
emitter forward current transfer ratio vs. collector 
current. 


bp 
meee 
\ 


AY 
a? 


\ 


na 


AZ 


eb ~~ Small-Signal Common-Base Output Admittance — pmho 


0.0 
2 boi ~0.1 -1.0 -1 


I, — Emitter Current — ma 


Fig. A.5 2N929 and 2N930 transistors: small- 
signal common-base output admittance vs. 
emitter current. 
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A me 
PET TTT) Maximum he, HT 


-0.01 -0.1 ~1.0 -10 


|, — Emitter Current — ma 


h,, — Small-Signal Common -Base Reverse Voltage Transfer Ratio 


Fig. A.6 Small-signal common-base reverse voltage 
transfer ratio vs. emitter current. 


16 
= 1 Veg HSV 
| 2 Noise Bandwidth 
- 10 cps to 15.7 ke 
§ Ty = 25°C 
— 
is 
3 
‘3 
3 AN NI 
S 

at I. = 10 pa 

I 4 NY Ih 
re 
iZ. 


Ase 


CN 
ENS | 
anal 
100 


‘) 
LY 
ulm Pratt 


- Seca Resistance — k 


Fig. A.8 Average noise figure vs. generator 
resistance. 
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NF.o1) “ Optimum Spot Noise Figure — db 


10 


| I 


Minimum |h;.| 
at Vu, = 5v 


— Small-Signal Common- Emitter Forward Current Transfer Ratio 


lhe 
o= 


Ic — Collector Current — ma 


Fig. A.7 Small-signal common-emitter forward cur- 
rent transfer ratio vs. collector current. 


be 
|_| Lins Ht mill 
PLN OTT 
PTE TSI ETT 
I eT 
Peo TUTTI TUT 


0 
1.0 


— Frequency — mc 


Fig. A.9 Optimum spot noise figure and optimum 
generator resistance vs. frequency. 


1.0 10 100 


Re lop) Optimum Generator Resistance — kV 


1, — Collector Current — ma 


hee — Static Forward Current Transfer Ratio 


Transistor Characteristics 


inimum = BVceo 


Sores 
| ees 


0 15 30 45 60 75 


Vee — Collector-Emitter Voltage —v 


Fig. A.10 2N929 transistor: common-emitter 
collector characteristics. 


ios aati 

1 a meeenlli 
tC 

Se St Satta al 
PT Le 
hee nits 


A 
caeiime 


He 
ttl 
Veg FSV 
See Note 6 


10 
0.001 0.01 0.1 1.0 
I, — Collector Current — mo 


Fig. A.12 2N929 transistor: static forward current 
transfer ratio vs. collector current. Note that these 
parameters were measured using pulse techniques, 


PW = 300 psec, Duty Cycle S 2%, 
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I, — Collector Current — ma 


h,, — Static Forward Current Transfer Ratio 


inimum BVcgo 


Veg — Collector-Emitter Voltage —v 


Fig. A.11 2N930 transistor: common-emitter 
collector characteristics. 


Set RAE 
St ae ast 
a el 
Mire Tr 


aicael i 
ih eel 
LUT TN 
| rs eet 


100 fea eI 
eZ) 


mail i aa 

Si tic 
HHH 

Til 


sei ITT 
See Note 6 
10 
0.001 0.01 0.1 1.0 1o 
Ik — Collector Current — ma 
Fig. A.13 2N930 transistor: static forward current 
transfer ratio vs. collector current. Note that these 
parameters were measured using poles techniques, 
PW = 300 psec, Duty Cycle S 2%, 
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Maximum, Vee at 
,=0.5ma, 1, =10 ma 


o 
? 
fo] 


2 
™~ 


Vee = 5V, Ic = 100 pa 


Vee =5v,tc=1 ma 


Vee — Base-Emitter Voltage — v 
2. 
oO 


So 
. 
nN 


0 
-75 -50 -25 0 25 50 75 100 125 150 
T, — Free-Air Temperature — °C 


Fig. A.14 2N929 transistor: base-emitter voltage 
vs. free-air temperature. 


fe 
| ment 
= 
—— 
= 
— 
——— 
te 
== 


Collector-Emitter Saturation Voltage — v 


HH 
at 


CE(sot) 


+75 -50 -25 0 25 50 75 100 125 150 
T, ~~ Free- Air Temperature — °C 


Fig. A.16 2N929 transistor: collector-emitter satu- 
ration voltage vs. free-air temperature. Note that 
these parameters were measured using pulse tech- 


niques, PW = 300 ysec, Duty Cycle S 2%. 


1.2 


oO 


Maximum V,, ot 
1, =0.5ma,t, = 10 ma 


oO 
Py 
foe] 


2 
rN 


Vue —~ Base -Emitter Voltage —v 
° 
oO 


0.2 


0 
-75 -50 +25 0 25 50 75 100 125 = 15 
T, — Free-Air Temperature — °C 


Fig. A.15  2N930 transistor: base-emitter voltage 
vs. free-air temperature. 


Yeton7” Collector-Emitter Saturation Voltage — v 


pees 7 “50 -25 0 25 50 75 100 125 15 


T, — Free-Air Temperature — °C 


Fig. A.17  2N930 transistor: collector-emitter satu- 
ration voltage vs. free-air temperature. Note that 
these parameters were measured using pulse tech- 

niques, PW = 300 usec, Duty Cycle S 2%. 
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A.2 Types 2N1162 thru 2N1167 Transistors* 


TABLE A.4 Electrical characteristics, general. (At case temperature of 25°C +3° except where noted.) 


Collector Cutoff Current 

Vces = BVcso (max), In = 0 

Ves = 2V, In = 0 

Ves = 15V, In = 0, Te = 90°C (2N1162, 2N1163) 

Vea = 30V, In = 0, T, = 90°C (2N1164 through 2N1167) 
Collector-Emitter Breakdown Voltage 

Ic = 500mA, Ves = 0 (2N1162, 2N1163) 


(2N1164, 2N1165) 
(2N1166, 2N1167) 
Emitter Cutoff Current 
Vsz = 12V,Ic = 0 
Collector - Emitter Saturation Voltage 
Ic = 25A, In = 1.6A 


DC Forward Current Gain 
Vee = 2V, Ic = 5A 
Vee = 1V, To = 25A 


Ic, COLLECTOR CURRENT (AMPERES) 
Ic, COLLECTOR CURRENT (AMPERES) 


0 0.2 0.4 0.6 0.8 1.0 0 
Vom, COLLECTOR — EMITTER VOLTAGE (VOLTS) 


25 50 75 100 125 150 
BV ces, % RATED MAXIMUM COLLECTOR— EMITTER VOLTAGE (VOLTS) 


Fig. A.18 Saturation region, common emitter Fig. A.19 Collector characteristics, common emitter. 
(constant base current). 


* MOTOROLA Inc., Semiconductor Products Division. 
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ic, COLLECTOR CURRENT (AMPERES) 


% OF VALUE AT 25°C 
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LT | | 7 
TT Ro = 
+75° | cE = 
20 5 7 ir, il 20 CASE TEMPERATURE °C 
PAA ese al tll g 
Es? 42 eee Ree : 
a 
= 
15 : = 15 
all 
Ame ie : 
Vox = 2 VOLTS = 
CASE TEMPERATURE °C 2 
10 S 10 
A| | a 2 | | 
JASE Ee RRS ne 
eee is i 
| eee eae ee je. 
0 0.4 0.6 1.2 1.6 2.0 24 0 0.2 0.4 0.6 0.8 1.0 li 
ly, BASE CURRENT (AMPERES) Van» BASE~EMITTER VOLTAGE (VOLTS) 
Fig. A.20 Collector current vs. base current. Fig. A.21 Output current vs. emitter-drive voltage. 
100 


_ 
c—) 


Ico, COLLECTOR CUTOFF CURRENT (mA) 
a 


° 
- 


Tc, CASE TEMPERATURE (°C) 


Fig. A.22 hee vs. temperature. 


0.01 


Tc, CASE TEMPERATURE (°C) 


Fig. A.23 leg vs. temperature. 
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z of +++} {| tf 


Sera oe (aie 
25 = 


—<_ 
dt a ar eae cl 
Pitt tt | | = 


—60 —40 —20 80 100 
- CASE sas ee 


% OF VALUE AT 25°C 
Ro 


Fig. A.24 9FE VS- temperature. 


A.2a Peak Power Derating 


The peak allowable power is: 
(Ty — Ta — 65a Pss) 
1 
630 (<) + 8ca (t/t) 


Cp is a coefficient of power as obtained from the chart. Ts is 
junction temperature in °C; T, is ambient temperature in °C; 1000 
sc is junction to case thermal resistance in °C/W; 6ca is case 
to ambient thermal resistance in °C/W; 6s, is the sum of 


Prp= 


61e + Oca; ti is pulse width; t is the pulse period; (t:/t) is the | 
duty cycle; Pss is a constant power dissipation and Pr is Gan 
the additional allowable pulse power dissipation above the | | | Naa 
amount of Pss 
The above equation is usable when a heat sink is used which & 100 Ie 
has thermal capacity very much larger than the transistors 3 a SS 
thermal capacity. = Tae 
The chart is normalized with respect to the thermal time con- 3S 
stant, which is on the order of 50 milliseconds for these power e 
transistors.(Fig. A.25.) a 
EXAMPLE 4 ‘- | 3 0 ——- 
Given: a . 
Pss=10W Ta = 40°C Pe & é 
Pulse width (t:) = 1 msec = 
Duty Cycle = 20% o 
ca = 3°C/W P TIME ———> 
830 = 0.8°C/W Tmax = 100°C 38 1 
Solution: Enter the graph at t:/r = 1 msec/50msec, and z a 
Duty Cycle 20%. Find Ce = 5. Solve equation 10* 10~ 10° 10° = 10 
100 — 40 — (3 + 0.8) 10 
Pp= 908 43x02. t,/r, PULSE WIDTH / THERMAL TIME CONSTANT 
5 


Fig. A.25 Normalized peak allowable power. 
Pp = 29 watts in addition to the steady 
10 watts resulting in 39 watts peak. 
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A.3 Types 2N1302, 2N1304, 2N1306, and 2N1308 
n-p-n Alloy-Junction Germanium Transistors“ 


TABLE A.6 JEDEC registered electrical characteristics at 25°C free-air tem perature. 


PARAMETER 


B¥ogo  Collector-Baso 
Breakdown Voltage 


ee seer Wale 
nth ast [ae 


“hee Static Forward Current Io = 10 ma 
Transfer Ratio 


"Vee Base-Emitter Voltage 


*Voejsaty Collector-Emitter 
Saturation Voltage 


TEST CONDITIONS 


fg = 100 a, Ip = 0 


Yop = ly, 


Vog = 0.35, !q = 200 ma 


1, = 0.5 ma, Io = 10 ma 


Io = 


Ig = 0.25 ma, Ic = 


|g = 0.17 ma, If = 


1, = 0.13 ma, 1, = 10ma 


Small-Signal Common-Base You =5y, te =-Ima 
Input Impedance f = The 


hip 


= 
= 
N 


Small-Signal Common-Base 
Reverse Voltage 
Transfer Ratio 


us 


hop Small-Signal. Common-Base Von = Sv, |; = —-1ma 


Output Admittance f= lke mho 


Small-Signal Common-Emitter 
Forward Current 
Transfer Ratio 


Common-Base Alpha- 
Cutoff Frequency 


“tht 


Cob Common-Base Open Circuit 
Output Capacitance 


Gp Common-Base Open-Circuit 
Input Capacitance 


Ter is determined by measuring the emitter-base floating potential Vent), The collector-base voltage, Veg. Is increased until Vea) == 1 volt; this value of 
Vong = (Vpp + 1 ¥). 


TABLE A.7 JEDEC registered switching characteristics at 25°C free-air temperature. 


PARAMETER 


TTVoltage and current values shewn are nominal; exact values vary slightly with device parameters. 


TEST CONDITIONSTT 


Io = 10 ma, tae) = 1.3 ma 


V2) = —0.7 ma, Veg torn — 0.8 ¥ 


R, = Tk (See Fig. 1) 


TABLE A.8 JEDEC registered operating characteristics at 25°C free-air temperature. 


PARAMETER TEST CONDITIONS 


NF Spot Noise Figure 


“Indicates JEDEC registered data (typical values excluded). 
“TEXAS INSTRUMENTS Incorporated. 
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Transistor Characteristics 


A.3a Typical Characteristics 
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Veg — Collector-Emitter Voltage — v 


Fig. A.26 2N1302 transistor. 


Vee Collector-Emitter Voltage — v 


Fig. A.28 2N1306 transistor. 


|< | — Collector Current — ma 


Fig. A.30 Normalized static forward current 
transfer ratio vs. collector current. 
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Normalized Static Forward Current Transfer Ratio — hre 


& 


8 


ASO 


le — Collector Current — ma 


I~ Collector Current — ma 


a, ~ — ~ 
. ° ° . 


_ 


) oh | 


ae 


] 
1 


Veg = Collector-Emitter Voltage — v 


Fig. A.27  2N1304 transistor. 


] 2 3 4 
Vee — Collector-Emitter Voltage — v 


Fig. A.29 2N1308 transistor. 


Vee = 0.35v, Ie= 200ma, NPN 
Vee= -lv, Ic= -10ma, PNP 
Vee = lv, Ie= 10ma, NPN 


60 ~-40 -20 0 20 40 60 
T,— Free-Air Temperature — °C 


Fig. A.31 Normalized static forward current 
transfer ratio vs. free-air temperature. 
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[Vee er | — Collector~Emitter Saturation Voltage — v 


2 
& 


Transistor Circuit Analysis 


|'¢| 


Fig. A.32 Base-emitter voltage vs. collector current. 


T, = 25°C 1H 


10 100 1000 


— Collector Current — ma 


10 100 1000 


[tc | — Collector Current — ma 


Fig. A.34 Collector-emitter saturation voltage 


vs. 


collector current. 
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— Base-Emitter Voltage —v 


IVael 


~60 -40 -20 0 20 40 60 8 
T, — Free-Air Temperature — °C 


Fig. A.33 Base-emitter voltage vs. free-air temperature. 


2° 


2 


iS 


2 


Vee teen! — Collector-Emitter Saturation Voltage — v 


-60 -40 -20 0 20 40 60 x 
Ty — Free-Air Temperature — °C 


Fig. A.35 Collector-emitter saturation voltage 
vs. free-air temperature. 


[tcso| — Collector Cutoff Current — pa 


| Vee (ser)| — Collector-Emitter Saturation Voltage — v 


Transistor Characteristics 


0 20 30 40 50 60 70 80 
Ta — Free-Air Temperature — °C 
Fig. A.36 Collector cutoff current vs. free-air 
temperature. 
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[te | ~~ Collector Current — ma 


Fig. A.38 Collector-emitter saturation voltage 
vs. collector current. 
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ov — Common-Base Open-Circuit Output Capacitance — pf 


Cc 


Vee son! Collector-Emitter Saturation Voltage — v 


IVe_! — Collector-Base Voltage — v 


Fig. A.37 Common-base open-circuit output 
capacitance vs. collector-base voltage. 


0 
-60 -40 -20 0 20 40 60 
Ta Free-Air Temperature — °C 


Fig. A.39 Collector-emitter saturation voltage 
vs. free-air temperature. 


0 1 2 3 4 5 6 7 8 9 
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Transistor Circuit Analysis 


A.4 Types 2N1529A thru 2N1532A, 2N1534A thru 2N1537A 
and 2N1529 thru 2N1538 Transistors4 


TABLE A.9 Electrical characteristics. (At 25°C case temperature unless otherwise specified.) AQL and inspectio 
levels apply to “‘MEG-A-LIFE”’ series (2N1529A thru 2NI532A and 2N1534A thru 2N1537A) only. 
Thermal resistance, 0)C% 0.6°C typical, 0.8°C/W maximum. 


Collector-Base Cutoff Current 
(Vogp = 25V) 2N1529A, 2N1534A* 
(Veg = 40V) 2N1530A, 2N1535A* 
(Vop = 55V) 2N1531A, 2N1S36A* 
(Vp = 65V) 2N1532A, 2N1537A* 
(Vop = 80V) 2N1533, 2N1538 


m. 


> 


Collector-Base Cutoff Current 
(VCB = 2V) All Types 
(Vog = 1/2 BVogg rating; All Types 
Tc = +90°C) 


IcBo 


Icpo1 

2.0 
2.0 
2.0 
2.0 
2.0 

30 

45 

60 

15 

90 


Emitter-Base Cutoff Current 
(Veg = 12V) All Types 


Collector-Emitter Breakdown Voltage 
(Ic = 500 mA, Vep = 0) 
2N1529A, 2N1534A* 
2N1530A, 2N1535A* 
2N1531A, 2N1536A* 
2N1532A, 2N1537A* 
2N1533, 2N1538 


BVCES volts 


> > 


Collector-Emitter Leakage Current 
(VBE = 1V; Vor @ rated BVcBo) 
All Types 


IcEx 


Collector-Emitter Breakdown Voltage 
(Ig = 500 mA, Ip = 0) 

2N1529A, 2N1534A* 

2N1530A, 2N1535A* 

2N1531A, 2N1536A* 

2N1532A, 2N1537A* 

2N1533, 2N1538 


BVCEO volts 


Collector-Base Breakdown Voltage BVcBo 
(Ic = 20 mA) 


volts 


2N1529A, 2N1534A* 
2N1530A, 2N1535A* 
2N1531A, 2N1536A* 
2N1532A, 2N1537A* 
2N1533, 2N1538 


— or as 
Co o eocooc 
B 
> 


100 
120 


Current-Gain 
(Vopr a av, Io = 3A) 
2N1529A - 2N1532A 
2N1534A - 2N1537A 
2N1529 - 2N1533 
2N1534 - 2N1538 


Base-Emitter Drive Voltage 
(Ig = 3A, Ip = 300 mA) 
2N1529A - 2N1532A 
2N1534A - 2N1537A 
2N1529 - 2N1533 
2N1534 - 2N1538 


volts 


a ; 


Collector Saturation Voltage 
(Ic = 3A, Tg = 300 mA) 
2N1529A - 2N1532A 
2N1534A - 2N1537A 
2N1529 - 2N1533 
2N1534 - 2N1538 


VcE(sat) 


Transconductance 
(Vor = 2V, Ic = 3A) 
2N1529A - 2N1532A 
2N1534A - 2N1537A 
2N1529 ~ 2N1533 
2N1i534 ~ 2N1538 


l= 
os ri 
i bas 


* Characteristics apply also to corresponding, non-A type numbers 
** Each parameter of the "MEG-A-LIFE" series only is guaranteed to an individual AQU of 0. 65%, inspection level I 


“MOTOROLA Inc., Semiconductor Products Division. 
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ic, COLLECTOR CURRENT (AMPS) 


lc, COLLECTOR CURRENT (AMPS) 


Transistor Characteristics 


Fig. A.40 Power-temperature derating curve. 


The maximum continuous power is related to ig 100 
maximum junction temperature, by the thermal = a 
resistance factor. For d-c or frequencies be- = 
low 25 cps the transistor must be operated 2 60 
within the constant Py = V_ X I¢ hyperbolic = 
curve. This curve has a value of 90 watts at BZ 40 
case temperatures of 25°C and is 0 watts at = 20 
100°C with a linear relation between the two = 

temperatures such that allowable 2 0 

100°— T oe 0 20 40 60 80 100 
Pyg= aT cae . Tc, CASE TEMPERATURE (°C) 


A.4a Collector Characteristics at 25°C: Types 2N1529A 
thru 2N1532A and 2N1529 thru 2N1533 Transistors 


1c, COLLECTOR CURRENT (AMPS) 


Vce, COLLECTOR-EMITTER VOLTAGE (VOLTS) Voce, % RATED MAXIMUM COLLECTOR-EMITTER VOLTAGE 
Fig. A.41 Saturation region, common emitter, Fig. A.42 Collector characteristics, common 
constant base current. emitter. 


lc, COLLECTOR CURRENT (AMPS) 


Vce, COLLECTOR-EMITTER VOLTAGE (VOLTS) Voce, % RATED MAXIMUM COLLECTOR-EMITTER VOLTAGE 
Fig. A.43 Saturation region, common emitter, Fig. A.44 Collector characteristics, common 
constant base current. emitter. 
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TEST TRANSISTOR 
TABLE A.10 See Fig. A.45. 


V ttt] t 
(Volts) (usec) | (usec) ue 
2N1529A-32A 
2N1529-33 
2N1534A-37A 
2N1534-38 


Zo = 502 


oe, ro 


20v WW 
PULSE GENERATOR 


Fig. A.45 Switching time measuring circuit. 
Also see Table A.10. 


Vea = 2 
2N1534A — 2N1537A 
4 2N1534 — 2N1538 e 4 
3 5 3 
= 2N1534A — 2N1537A vA 
3B Vs 2N1529A — 2N1532A rz) 2N1534 — 2N1538 
2N1529 — 
: 2N1533 2 /| 
2N1529A — 2N1532A 
At lI See ie 
s 3s 
0 0 A 
0 ew i 0.15 0.20 0.25 0.30 0 10 20 3 
|}, BASE CURRENT (AMPS) Ves, EMITTER-BASE VOLTAGE (VOLTS) 
Fig. A.46 Collector current vs. base current. Fig. A.47 Collector current vs. emitter base 


voltage. 


2N1534A — 2N1537A 


2N1529A — 2N1532A 


2N1534 — 2N1538 2N1529 — 2N1533 
»— 


la, BASE CURRENT (AMPS) 


0 10 20 3.0 40 §.0 
kc, COLLECTOR CURRENT (AMPS) Ves, EMITTER-BASE VOLTAGE (VOLTS) 
Fig. A.48 Dec current gain vs. collector Fig. A.49 Base current vs. emitter base 
current. voltage. 
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&re, % OF VALUE AT 25°C 


Transistor Characteristics 


rary 
o 


Ico, COLLECTOR CUTOFF CURRENT (mA) 
ry 


2 
~ 


To js seaneoute (°C) 


Fig. A.50 lco vs. temperature. 


oy Fa | 2N1529A-2N1532A 
130 a 2N1529-2N1533 le=3A T[— 
wo P| | Tr =——<an ea a a 
00 Gace Stain la ON1534A-ONIS37A 
oot—j—_|_| | | J Tf | | Pet 2ni534-2ni538 

= a a as es 
70 leh lee ke eal eal i. hol esha e 


—60 —40 —20 0 20 40 60 80 100 
Tc, CASE TEMPERATURE (°C) 


Fig. A.S1 hee vs. temperature. 


| 


2N1529A-2N1532A 
2N1529-2N1533 


= ne 
2N1534A-2N1537A |] 
2N1534-2N1538 


— 60 —40 —20 0 20 40 60 80 100 
Tc, CASE TEMPERATURE (°C) 


Fig. A.S2 gre vs. temperature. 
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A.4b Determination of Allowable Peak Power 


When a heat sink is used for increased heat transfer and 
greater thermal capacity, the following equation can be used 
to determine the allowable pulse power dissipation, desig- 
nated as Pp. The allowable pulse power plus the steady state 
power, Pgg, gives the peak allowable power dissipation. Al- 
lowable pulse power is related by the following equation: 


t 
tate 


Pe 


Ty — Ta — 634 Pos 
830 (1/Cp) + Boa (t/t) 
where Pss 

= Coefficient of Power (from peak power 
derating curve), 

T; = Junction Temperature (°C), 

T, = Ambient Temperature (°C), 
6;3¢ = Junction-to-Case Thermal Resistance (°C/W), 
§ca = Case-to-Ambient Thermal Resistance (°C/W), 
934 = O30 + Boa, 
(t,/t) = Duty Cycle = Pulse Width/ Pulse Period, 
Pgg = Steady State Power Dissipation, and 
Pp = Allowable Pulse Power Dissipation Above Pgg. 
7 = Thermal Time Constant ~ 50 msec 


P= 


POWER —- 


TIME———> 


The peak power derating curve is normalized with respect 
to the thermal time constant, 7. The following example 
shows the application of this equation in conjunction with 
the peak power derating curve. 


EXAMPLE: 
Given: 
Psg = 10 W, T, = 40°C, t, = 1 msec, 


(t,/t) = 20%, Oca = 3°C/W, O50 = 0.8°C/W, 
T; max = 100°C 
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Solution : 
Enter the derating graph at t,/ 7 = 1 msec/50 msec, and 
duty cycle of 20%. Find Cp = 5. Substitute this value and 
the given parameters into the peak pulse power equation. 
This gives Pp = 29 watts. Thus the peak allowable power 
is Pp + Pgg, or 39 watts. 


1000 os 

= tS 0% DUTY CYCLE octane 
© 100 
2 
5 
> 
kad 
o 
ia 
10 bmn 
o 
& tt ooo 

Ht | St 

TN NY 
, CTO TAT 


10+ 10-* 10-7 10> 1 1 


t,/r, PULSE WIDTH / THERMAL TIME CONSTANT 
Fig. A.53 Pulse power derating curve. Caution: In alt 


cases the peak pulse power should stay within the 
Safe Operating Area. 
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SUMMARY CHARTS 


TABLE 3.1 Conversion from hybrid to hybrid-7 parameters. 


Common- 
Hybrid base 
his 


hi. 


Common- 
collector 
h 


ic 


Tee- 
equivalent 
le 


Tot+ 


(a) Common-emitter configuration. 


(c) Approximate parameter conversion formulae. 


hj. = 2200 0 
h,, = 2x 10" 

h,. = 290 

hg. = 30 x 10° mhos 


(d) Typical values for type 2N929 transistor 
at Ic =4ma, VcE =12v. 


(b) Hybrid equivalent circuit. 


Fig. 3.24 Conversion to common-emitter h-parameters. 


* For convenience in reference, the original table numbers have been retained in this Appendix. 
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re +(1-)r, 


i) 
Tr 


(a) Common-base configuration. 


(c) Approximate parameter conversion formulae. 


hip = 7.570 

h,, = 0.268 x 10° 

hyp = —0.996 

ho, = 0.103 x 10° mhos 


(6) Hybrid equivalent circuit. (d) Typical values for type 2N929 transistor. 


Fig. 3.25 Conversion to common-base h-parameters. 


Common- Common- Tee- 
Hybrid emitter base equivalent 


(a) Common-collector configuration. 


hoe 


(c) Approximate parameter conversion formulae. 


h,, = 22000 
h,, = 0.9999 + 1.0 
hy, =- 291 

ho, = 30 x 10°° mhos 


(b) Hybrid equivalent circuit. (d) Typical values for type 2N929 transistor. 


Fig. 3.26 Conversion to common-collector h-parameters. 
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Summary Charts 


Common- Common- Common- 
emitter collector 


hep 


hy, -(1+h 
ib (1+ wa 


h,.- h, (1 +hye) 


fe hoe 


fey 
hop 


he 


hee eee 
1+ Ag 


(c) Approximate parameter conversion formulae. 


: a = +0.996 

as aia iar WY r, = 9.7 MQ 

ti r, = 6.667 0 
f= 260 Q 


(>) Tee-equivalent circuit, common-emitter. (d) Typical values for type 2N929 transistor. 


Fig. 3.27 Conversion to tee-parameters. 


TABLE 5.1 Single-stage amplifier formulae. 


4-parameters 


(Second subscript 

omitted) 
aRe 1a) 
fatty (1-4)+r, —£ < 
14 Rr + ty 


Common-base 
ve 


tee-equivalent 

circuit Yrot+ry(1- 4), 
(see Fig. 2.31) 
be B Re «1 
Fe ta 


1+ as 
ty +r9 (1+ 8) a —— ee as 
Common-emitter 1, Re+re qty + Ri fp 
tee-equivalent ta : a tg(B+1) 7 r3(1+ 8) ( 


circuit ~ ‘s 
Sr, + r2(1+ B), 
(see Fig. 2.31) o + r(1 +B) 
Note: rs =r, + Rg; Ri +h «rg 
Rg = circuit resistance 
Pee tB<Krg, Bol, Rr «Keg 


(Rz +1) (8 +1) 
1+ (Ri +r,)(8+1) 


fe 


tT, + 


Common-collector 

tee-equivalent Sry + (Rz +e,)(B +1), 
circuit 

(see Fig. 2.31) ro > (Ri + r)(B +1) 
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TABLE 6.1 Type No. 2N930. 


Electrical 
Parameters 


2100 


hat 0.045 x 10° 0.056 x 10° mho 
hi* 200 370 

he” 1.5 x 10" 2.3 x 10" 

he 420,000 6300 ohm 
i 9x 10° 20.8 x 10° mho 
A ~ 201 ~371 


1 1 


* Published data 
** Derived data using conversion formulae of Chap. 3 


TABLE 6.2 Type No. 2N930. 


25°C | 100°C 25°C | 100°C 25°C | 100°C 


Electrical 


Parameters Unit 


hte 320 | 460 340 ! 480 360 | 

his 30 | 36 20 | 24 16 | 20 ohm 
how 0.076 x 10° | 0.086 x 10° | 0.11 x 10% ! 0.13 x 10* | 0.15 x 10° | 0.18 x 10° | mho 
hes 1.8x10* | 2.5x10* | 2.0x10* | 28x10 | 2.2x10* | 3.0x 10" 

te = \/hos 13.2 x 10° | 11.6x 10 | 9.1 x 105 | 7.7x10° | 6.7 x 10° | 5.57 x 10° | ohm 
hig = bin (1 + Bye) 9630 | 16,650 6820 | 11,600 5780 | 10,000 | ohm 
hye= hor #hr) 24.4 x 10° | 39.6 x 10% | 37.4x 10% ! 62.5x 10% | 54x 10° | 90.5 x 10° | mho 
h,e = hipho, (1 + hyo) —h,, | 5.5 x 107 ! 11.7x10* | 5.5x107 | 12.2x 10% | 6.4 10° ! 15 x 10 

fem hi ce, Aah 2230 +! 2750 1710 | 2450 1330 | 1500 ohm 
te hg/hse 23 | 30 is | 19 2 | WwW 
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TABLE 7.1 Class A amplifier design formulae.* 


Formula Formula 
(Rr x 0) (Rr = 0) 
Pp BVmaxlo _ Rrlg 


omax 4 2 


(7.10a) 


(7.10b) 


ae BV max ; 2Rrlo (7.10c) 
Hits Ve eeeels (7.104) 
Ry + 2Rr 
Ri re 2s (7.10e) 
Q 
° max (7.10f) 
CE max 
BV max 16 Po Rr 2P¢ 
Boone | fy ROR 1g pewete. 7.10 
Goo | “ake [VO BV Oe. |e 
Pie ticle =Pe Veclo = Pc | (7.10h) 


216 ZI (7.103) 


*Transformer coupling to load assumed. 


TABLE 7.3 Measured parameters on a 2N930 transistor. 


: T, = 175°C T, = 25°C | T, =175°C 
© (ma) 
ae oe ce 
1 460 : 
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TABLE 7.2 Class B push-pull amplifier, design formulae. 


VocRt 
4(Rr+RiyY 


2 
Voc 
mRyp 


2Vec — BV nsx Voc + 7 Po RrVoc 


= BVnax Po Ryo’ 


Vee 
m(Rr + R,) 


For Ig = Klonax K<1 


kVoc 
wRy 
(per transistor) 
ka 
4 
kK’ Voc 
4Ry 
(per transistor) 


Vec 
Ry 
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(7.12a) 


(7.12b) 


(7.12c) 


(7.12d) 


(7.12e) 


(7.12£) 


(7.12g) 


(7.12h) 


(7.121) 


(7.12j) 


(7.12k) 


APPENDIX 


FREQUENCY 
RESPONSE PLOTTING 


C.1 Introduction 


227 


Transistor Circuit Analysis 


PROBLEM C.1 Plot the following transfer function on logarithmic coordinates: 
10 


G(jo) = ———___. C.1 
: jo (1+ jw/10) oP 
Solution: At very low frequency, 
‘ 10 
|G(jo)| cal (rae 
jw 
Express gain in decibels for the low frequency region: 
10 
db = 20 log,, — = 20[ log,, 10 - log, wl 
@ 
= 20[1- log, wl. (C.2) 


Note that if db is plotted versus log,,w, the resulting curve will be a straight 
line as in Fig. C.la (dashed line). This line crosses the zero db axis at w = 10, 
Since at that point, (C.2) = 0. The line is an approximation to the actual fre- 
quency-response curve only at very low frequencies. 


6 db/octave or 20 db/decade 


Corner frequency 


{ 5 10, 100 
2 Set 
20 Slope of —20 db/decade ~~ _90 «a—— 12 db/octave, or 
wa 40 db/decade 
{ ~N Exact curve 
~ ~“ O'—> 
2.20 { 
a 
. J 
© 
a 
-20 3 
is 
2 
—40 Slope of —40 db/decade £ 
bd 
(a) 9 
m4 
a 


(b) 


Fig. C.1 (a) Separate Bode components which are combined to obtain the resultant diagram of Fig. C.1 (b). 
10 


; ; @ 
@l1+j & 
j ; 2) 


Now consider the very high frequency region where 6 >» 1. In this region, 


{b) Bode plot of the transfer function G(ja@) = 


|G (jo)| = Utes Jae (C.3) 


»yvfl w? 
(jo) G) 
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Frequency-Response Plotting 


Express gain in decibels: 


100 


db = 20 log,, —> = 20 [logy 100 - log,. w”) 
@ 


tt 


20 [2 - 2log,, w] 


40[1-—logyw). (C.4) 


This is again a straight line; i.e., db is a linear function of logi,»w. This line 
crosses the zero db axis where log,.w = 1, or at w = 10, by coincidence, at the 
same point where the low-frequency approximation curve crosses the zero db 
axis. Note that the slope (~ 40) of (C.4) is twice the slope (— 20) of (C.2). 

Figure C.lb- shows the superposition of the straight line approximations to 
the very low- and very high-frequency regions of the |G(jw)| curve, as well as 
the actual curve. As frequency reduces or increases indefinitely, the curve 
|G(jw)| approaches the straight lines asymptotically. Hence, this type of dia- 
gram is often called an asymptotic diagram. Practically, the degree of approxima- 
tion represented by the two asymptotic portions to the left and right of their 
common intersection point, is remarkably good. The excellence of the straight 
line approximation to the actual curve is the key reason for the widespread use 
of this type of diagram. Figure C.1b also shows the plot of the phase angle plotted 
on the same frequency scale. 


PROBLEM C.2 ‘For the transfer function of Prob. C.1 with generalized gain 
and time constant, calculate the gain error at the intersection of the two asymptotes. 


Solution: Consider the mathematical expression for |G(jw)|. Use K and T 
instead of the numerical values of the previous example. We have 


K 
G(j =, 
ia) jo(l+joT) 
6Gatc— 


@V1+@?T? 


When wT > 1 (high frequency) or when wT < 1 (low frequency), the approxima- 
tion method applies with high accuracy. Where wT = 1, the approximation is 
poorest. Here, the asymptotic diagram indicates a value (at the intersection of 
the two asymptotes) of 20 log,, KT. The exact value is 


KT KT KT 


G(jo)| = —R— = — - 
| wTV1+(@T)? 1Vv1i+1~— V2 
or 
db = 20 log,, ad = 20 log,, KT — 20 logis V2 , 
approximate error 
value 
so that 


error (db) = —20 log,. V2 = ~10 log,, 2 = -10(0.301) = —3.01 db. 


At this poorest point, the actual curve is very close to 3 db below the value 
indicated by the asymptotes. 
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nH 


isticated tha 
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. oe 


ane AE) 
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ee 
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i 
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. 
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ae 
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ah: 
ae 
ci 
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PROBLEMC.3 Plot the gain and phase characteristic of me 
+ jo 
K=10. 
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Frequency-Response Plotting 


Solution: Refer to Fig. C.2. At low frequency, the asymptote is simply K, a 
horizontal line whose ordinate is given as 


db = 20 log,, K. 


At high frequency, |G(jw)| = K/wT, which intersects the low-frequency asymp- 
tote at wT = 1, or w = 1/T. The slope at high frequency falls off at 20 db/decade, 
since the high-frequency slope has w to the first power only in the denominator. 
The low-frequency phase shift is approximately zero, approaching a 90° lag at 
very high-frequency. At wT = 1, phase lag may be calculated from 


G( jw) = 


1+j’ 


hence, phase lag = 45°. 


db=201log,oK 


4 20}. 
ny 
= 3 db down | 
t @ —® High frequency 
oz 1 asymptote 
4 jor a (20 db/decade) 
a Corner frequency } 
$ 0 
@ 
® 
70 
£ 
2 45 i 
e T, 
: f Op 
% ~ Oo——>» 
2 
2 90 z Exact curve 
Note: Negative phase angle = phase lag 
~20 | ok we we 
Fig. C.2 Plot on Bode coordinates. °910 T, 
¥ Asymptotes 
° 
= | @ 
° 0 = 
be | 
rs 
F | 
@ 
i“ 
°o I 
© I 
La 
2-90 
a 


Fig. C.3 Bode plot of transfer function. Note that the phase moves 
toward — 90° and then returns to its 0° asymptote. 


PROBLEM C.4 Sketch the asymptotic diagram and the approximate phase char- 
acteristic of the following transfer function: 


: 1+ jefT, 
G(jo) = 292, ToT. 
l+joT, 


Solution: Refer to Fig. C.3. 


PROBLEM C.5 Sketch the asymptotic diagram and the approximate phase char- 
acteristic of the following transfer function: 
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Solution: Refer to Fig. C.4. 


20 logio 2 
4 Asymptotes 
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4 ! 
° o 
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a £ 0 
s ; om 
O—> . 
4 co] 
8 a 
a-90 —60 
Fig. C.4 Bode plot of transfer function. Note that the phase Fig. C.5 Bode plot of transfer function. Note relative com- 


moves toward + 90° and then returns to its 0° asymptote. plexity of phase diagram. 


PROBLEM C.6 Sketch the asymptotic diagram and the approximate phase char- 
acteristic of the following transfer function: 


(1+ jwT,\(1 + joT) 
(1+ joT,)(1 + joT,) ’ 


Solution: Refer to Fig. C.5. 


G(jo) = K T,>T,> T>T,. 


PROBLEMC.7 Sketch the asymptotic diagram and the approximate phase char- 
acteristic of the following transfer function: 
K 


Gli Sy oa cl ee 
aes joT (1 + jo) ' 


T, > T,. 


Solution: Refer to Fig. C.6. 


12 db/octave 


20 log,)K 


Exact curve 


6 db/octave 


(db) > 


12 db/octave 


Phase angle in degrees —» 


Phase angle in degrees —> 


Fig. C.6 Bode plot of transfer function. 
Fig. C.7 Bode plot of transfer function. 


PROBLEMC.8 = Sketch the asymptotic diagram and the approximate phase char- 
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acteristic of the following transfer function: 


K(14+ jwT,) 
(jw)? + jwoT,)’ 


G( jo) = > Ty. 


Solution: Refer to Fig. C.7. 


C.3 More Complex 
Frequency-Response Functions 


, . 7a a 


ited peLOW: a Ce 
chilis uiahindal a 


, yee 


G j = ? G. SS 
ier (1 + joT,) (1 + joT,) Ue) jo(1 + joT,) (1 + joT;) 
7 1 F 1+ joT 
G = : G om 1 
i= Cor nepcen “"laav jer) 
G, (je) = Seay 6.) = A+ HoT) C+ fod 


© [Ce?T? + 1) + j2¢To) [1 + joT,)’ (1 + joT,) (1 + joT;) 
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Fig. C.9 Magnitude of output/input versus dimensionless frequency wT for various values of C. 
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Fig. C.10 Phase shift of output/input versus dimensionless frequency WT for various values of ¢. 


-PROBLEMC.10 Sketch the Bode diagram of the expression 


1 


G(jo) = ————___—_ 
ve -w7?T’?+joT+1 


(C.9) 


Solution: Compare the middle term of the denominator with the standard form 
2gjwT, 26 =10r €=4- Refer to the ¢ = + of Fig. C.9. Note that gain is 
0 db at wT = 1 for this damping factor. Figure C. 10 shows the companion phase 
shift curve. 


SBR sone 


PROBLEM C.11 Plot the gain and phase characteristics on Bode coordinates 
of the transfer function 


K 
(1+joT,)(1+jo%) ’ 
Solution: Proceeding as before to determine the gain characteristic, 


es: See 
11+ jwT,||1+joT%| ° 


G(ja) = ore oe (C.10) 


IG(ja)| = 
Expressed in db: 


K 
ee a: ee 
ay (earners 


= 20(log,.K — logy, |1. + jw 7,| -log,.|1 + jwT7,|). (C.11) 


Note that each factor in the transfer function makes its separate contribution to 
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the decibels of attenuation, and in plotting the asymptotic diagram, each term 
may be considered separately. Thus, as shown by Fig. C.1la, the separate 
asymptotic contributions of each term are drawn to provide an asymptotic or 
straight line approximation to the entire curve of Fig. C.11b.. This approximation 
is at its best in regions far from the comer frequencies. Similarly, each term of 
the transfer function contributes its phase shift component, which may be added, 
as shown by Fig. C.1lc. 


20 logio K 
t 
: > Arctan @T, 
1 a - Arctan wT, 
en < 
1+jT, 1+jor, 6 db/octave * 90 
=) _ Combined 
0 db/octave § 4 phase angle 
20 log K 6 db/octave $180 
4 Resultant asymptotic plot = 
2 Phase lag due to 1/(1+jwT,) = arctan wT, ; 
(b) ~~ 0 Phase lag due to 1/(1+jwT,) = arctan oT, ; 
Over-all phase lag is sum of separate phase 
lag components. 
12 db/octave ; 
Actual resultant {c) 
curve } 
“ 


Fig. C.11 (a-b) Bode plot showing how components of asymptotic diagram are added to deve lop over-all diagram. 
(c) Bode plot showing how separate phase lags of transfer function are added together. 


Note in Figs. C.lla-c that corner frequencies for the resultant asymptotic 
curve occur at m = 1/T,, and w = 1/T,. Note further that each successive corner 
frequency marks the point where the corresponding term of the denominator starts 
to increase rapidly with frequency, resulting in a sharper slope of the asymptotic 
line following the corner point. The phase shift curve tends toward the values 
corresponding to the gain asymptote slopes; i.e., 90° for 6 db/octave, 180° for 
12 db/octave, etc. The phase shift curves tend toward these values only when 
corner frequencies are widely separated. When the corners are less than a few 
octaves apart, the limiting phase shift values constitute only a crude guide. 
A more accurate plot would require calculating the exact phase shift at a few 
well chosen points. Since the corner frequencies represent points of poorest 
approximation, it is particularly convenient to calculate phase shift at these 
comers. In practical cases, phase shift is important in limited regions where 
exact calculations may be made once the approximate phase curve is known. 


PROBLEM C.12 Plot the Bode curves for the function 


K(1 + jwT,) 


G(jo) = ———-— , 
jw (1+ joT,) 


T,>T,. (C.12) 
Solution: Refer to Fig. C.12. At very low frequency, 
Gie.. "GUase 
J@ @ 


This curve, or an extension thereof, crosses the zero db axis at w = K. At w = 1, 
db = 20 log,,K. This straight line extends indefinitely to the left (toward w = 0, 
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on the logarithmic scale). Phase shift at very low frequency tends toward 90° 
lagging. At w = 1/T7,, the term in the numerator starts to increase substantially 
in magnitude, thereby introducing a leading phase shift component. The increase 
in wT, starts to balance the increase in the w of the denominator (wT, still much 
less than unity), so that the gain curve flattens out. The (1 + jw7,) factor in 
the numerator creates a positive slope change of 20 db/decade to balance the 
initial: negative slope of 20 db/decade. At w = 1/T,, the second denominator 
factor introduces a second corner frequency, adding a 20 db/decade negative 
slope to the asymptotic gain curve. Phase shift tends toward the values corre- 
sponding to the different slopes between the corner frequencies. 


6 db/octave 


0 db/octave 20 logy) K 
20 log, K 


6 db/octave 


(db) —> 


Phase angle in degrees —» (db) —» 


Phase angle in degrees —»> 


Fig. C.12 Bode plot of transfer function. 


PROBLEM C.13 Plot the Bode diagram of the transfer function 


Poe | een 
(jo)? (1 + joT)’ 
Solution: Refer to Fig. C.13. The gain curve has a single corner frequency at 
@ = 1/T. The initial slope is 12 db/octave until the corner frequency, at which 


point the curve falls at 18 db/octave. Phase shift is 180° lagging at low fre- 
quencies, approaching 270° at higher frequencies. 


G(jw) = (C.13) 


PROBLEM C.14 Plot the Bode curves for 
K 
G(jo) = ——-———. C.14 
Oe” * GaNO.1 ja + 1) << 


Solution: Refer to Fig. C.14. This shows the Bode plots for K = 1. 
20 


Phase curve 
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Fig. C.14 Bode diagram, amplitude and phase. 
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18 db/octave w—> 


Fig. C.13 Bode plot of transfer function. 
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PROBLEMC.15 Plot the Bode curves for 


G(jo) = s 


(a) io + 0 (15 +1) 


Solution: Refer to Fig. C.15. This shows the Bode plots for K = 2. 


Fig. C.15 Bode diagram, amplitude and phase. 
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DISTORTION 
CALCULATION 


D.1 Distortion 
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D, (%) = 


Xq = quiescent value of wavetorm 


Fig. D.1 Calculation of second har- 
monic distortion component inan ap- 
proximately sinusoidal waveform, 
Higher harmonics are negligible; 
D = percent distortion. 


KGwees SoclcusdessUeesS 
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D, (%) = 17% * * x 100 
xX, —X, + x! —x 
X, — Xq — 2(x!— x") 
Dy (%) =——— 


2(x,—x, + x'—x") 


D,=VD3+D} 


Fig. D.2 Calculation of second and 
third harmonic distortion components 
in an approximately sinusoidal wave- 
form. Higher harmonics are negligi- 
ble; D = percent distortion. 
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PROBLEM D.1 Refer to Fig. D.2. Analyze the wave described by the following 
parameters for distortion components: x, = 2, x, = 0, xg =1, x! = 3, x" =4 . Also 
use (D.1). 


Solution: Using direct substitution, the following results are obtained: 


2+0-3-4 
Di) sa 2g 


3 1 
tg a 


2-0-2 - 4) 
D,(%) = —————_—- = 0, 


1 
2(2-0+34 >) 


yo 21240422] =1, 


ak! 3 1 

Boas ssl t, 
ae pe eee eee 

wna + 37 it, 
1 

y,= > [(2-0-3+4+1]=0. 


6 


The wave exhibits no second or third harmonic distortion components. As a 
matter of fact, at the points defined in this problem, the wave has the parameters 
of a pure sinusoid. 

Test the formula of Fig. D.1 for second harmonic distortion: 


D, (%) = 572 x 100 = 0 


This result is of course necessary for consistency. 
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LIST OF SYMBOLS 


current gain 

small-signal average power gain 
voltage gain 

base electrode 


breakdown voltage, collector to base, 
emitter open 


breakdown voltage, collector to emit- 


ter, base open 


breakdown voltage, collector to emit- 
ter, with specified resistance be- 
tween base and emitter 


breakdown voltage, collector to emit- 
ter, with base short-circuited to 
emitter 


breakdown voltage, emitter to base, 
collector open 


breakdown voltage, reverse 
collector electrode 

input capacitance (common-base) 
input capacitance (common-collector) 
input capacitance (common-emitter) 
output capacitance (common-base) 


output capacitance 
(common-collector) 


output capacitance (common-emitter) 
emitter electrode 


small-signal short-circuit forward 
current transfer ratio cut-off fre- 
quency (common-base) 


small-signal short-circuit forward 
current transfer ratio cut-off fre- 
quency (common-collector) 


small-signal short-circuit forward 
current transfer ratio cut-off fre- 
quency (common-emitter) 


static value of the forward current 
transfer ratio (common-base) 


small-signal short-circuit forward 
current transfer ratio (common-base) 


static value of the forward current 
transfer ratio (common-collector) 


small-signal short-circuit forward 
current transfer ratio (common- 
collector) 


static value of the forward current 
transfer ratio (common-emitter) 


small-signal short-circuit forward 
current transfer ratio (common- 
emitter) 
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static value of the input resistance 
(common-base) 


small-signal value of the short-cir- 
cuit input impedance (common-base) 


static value of the input resistance 
(common-collector) 


small-signal value of the short-cir- 
cuit input impedance (common- 
collector) 


static value of the input resistance 
(common-emitter) 


small-signal value of the short-cir- 
cuit input impedance (common- 
emitter) 


static value of the open-circuit out- 
put conductance (common-base) 


small-signal value of the open-cir- 
cuit output admittance (common-base) 


static value of the open-circuit out- 
put conductance (common-collector) 


small-signal value of the open-cir- 
cuit output admittance (common- 
collector) 


static value of the open-circuit out- 
put conductance (common-emitter) 


small-signal value of the open-cir- 
cuit output admittance (common- 
emitter) 


small-signal value of the open-cir- 
cuit reverse voltage transfer ratio 
(common-base) 


small-signal value of the open-cir- 
cuit reverse voltage transfer ratio 
(common-collector) 


small-signal value of the open-cir- 
cuit reverse voltage transfer ratio 
(common-emitter) 


base current (d-c) 

base current (instantaneous) 
collector current (d-c) 

collector current (instantaneous) 


collector cut-off current (d-c), emit- 
ter open 


collector cut-off current (d-c), base 
open 


collector cut-off current (d-c), with 
specified resistance between base 
and emitter 


collector current (d-c), with speci- 
fied circuit between base and emitter 


collector cut-off current (d-c), with 
base short-circuited to emitter 
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emitter current (d-c) 
emitter current (instantaneous) 


emitter cut-off current (d-c), collec- 
tor open 


forward current (d-c) 

forward current (instantaneous ) 
reverse current (d-c) 

reverse current (instantaneous) 
saturation current 


region of a device where electrons 
are the majority carriers 


region of a device where holes are 
the majority carriers 


total power input (d-c or average) to 
the base electrode with respect to 
the emitter electrode 


collector junction dissipation 


total power input (d-c or average) to 
the collector electrode with respect 
to the base electrode 


total power input (d-c or average) to 
the collector electrode with respect 
to the emitter electrode 


total power input (d-c or average) to 
the emitter electrode with respect to 
the base electrode 


large-signal input power 
small-signal input power 
load power 

large-signal output power 
small-signal output power 


total power input (d-c or average) to 
all electrodes 


small-signal forward resistance 
external base resistance 

base resistance 

extemal collector resistance 
collector resistance 

external emitter resistance 
emitter resistance 

Saturation resistance 

load resistance 

tem perature 
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VecF 


VR 


YR 


ambient temperature 
case temperature 
junction temperature 
thermal resistance 


thermal resistance, junction to 
ambient 


thermal resistance, junction to case 
base supply voltage (d-c) 
base to collector voltage (d-c) 


base to collector voltage 
(ins tantaneous) 


base to emitter voltage (d-c) 


base to emitter voltage 
(instantaneous) 


collector to base voltage (d-c) 


collector to base voltage 
(instantaneous) 


collector supply voltage (d-c) 
collector to emitter voltage (d-c) 


collector to emitter voltage 
(instantaneous) 


collector to emitter saturation volt- 
age 


emitter to base voltage (d-c) 


emitter to base voltage 
(instantaneous) 


emitter to collector voltage (d-c) 


emitter to collector voltage 
(ins tantaneous) 


emitter supply voltage (d-c) 
forward voltage (d-c) 
forward voltage (instantaneous) 


d-c open-circuit voltage (floating 
potential) between the collector and 
base, with the emitter biased in the 
reverse direction with respect to 
the collector. 

d-c open-circuit voltage (floating 
potential) between the emitter and 
collector, with the base biased in 
the reverse direction with respect 
to the collector 


reverse voltage (d-c) 
reverse voltage (instantaneous) 
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Acceptor impurity, 4 

Amplifier performance: 
small-signal, 97 
common-emitter, 97 
common-base circuit, 107 
common-collector, 109 
formulae, 113 

Amplifiers: 
basic circuits, 17 
capacitor-couples, 124 
direct-coupled, 121 
emitter-follower, 54 
multi-stage, 121 
performance calculations, 52 

Approximation techniques, 92 

Audio amplifier, 97 

Avalanche effect, 161 


3 


Base spreading resistance, 17 

Bias circuits: 
constant base voltage, 71 
temperature sensitivity, 71 
general configuration, 79 
emitter bias, 83 
approximate analysis, 92 

Bias compensation, 85 

Bias drift, 149 

Bias point stability, 69 

Black box, 39 

Bode diagram, 199 

By-pass capacitor, 124, 155 


c 


Capacitances, 22 
Capacitor coupling, 124 
Carriers: 

majority, 4, 6 

minority, 4, 6 
Characteristic curves, 24 
Collector resistance, 17 
Classes of operation, 178 

Class A push-pull, 178 

Class B push-pull, 180 
Collector-base feedback, 81 
Collector-base leakage, 67 


INDEX 


Common-base: 

characteristics, 25 

circuit, 107, 127 

connection, 13, 17, 173 

parameters, 47 

derivation, 48 

power gain, 14 

voltage gain, 14 
Common-collector: 

characteristics, 26 

circuit, 17, 109, 176 
Common-emitter, 17 

characteristics, 25 

circuit, 17, 97 
Complementary transistors: 

direct-coupled, 155, 156 

d-c feedback, 157 
Complex impedance, 126 
Composite characteristics, 179, 181 
Composite load-line, 181 
Constant power hyperbola, 164 
Conversion formulae, 45, 52-4 
Coupling capacitor, 124 
Covalent bonds, 2, 8 
Crossover distortion, 181 
Current feedback, 190, 194 
Current gain, 26, 32 
Cut-off, 73 
Cut-off frequency, 113 
Cut-off region, 160 


D 


D-c bias, 67 

D-c feedback, 145, 157 

D-c models, 20 

D-c stabilization, 73 

Diffusion, 5 

Diffusion current, 6 

Diode compensation, 85, 95 

Direct coupling, 144 
stability with temperature, 148 

Distortion, 163, 174 

Donor impurity, 4 

Driving impedance, 121 

Dynamic resistance, 8 


E 


Ebers-Moll model, 15 
Electron-hole pairs, 3, 6 
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Emitter bias, 83 
Emitter-follower, 54, 95, 109, 121 
current gain, 112 
gain, 56 
voltage gain, 112 
Emitter resistance, 17 
Energy gap, 2 
Equilibrium, 6 
Equivalent circuit, 41 
Ebers-Moll model, 15 
d-c models, 20 
hybrid-7, 16, 21, 62, 114 
small-signal, 16 
tee-equivalent, 16, 43 
Equivalent model, 41 
Excitation level, 2 


F 


Feedback, 36, 186 
Feedback amplifier, 190 
Feedback and distortion, 188 


Feedback and frequency response, 187 


Feedback, types, 190 

Forbidden gaps, 2 

Forward conductance, 22 

Frequency response, 124 
asymptotic diagram, 137 
effect of emitter resistors, 129 
high-frequency response, 132 
interstage coupling network, 125 
low-frequency, 124 
multiple time constants, 136 
universal curve, 126 


G 


Gain margin, 198 

Gain stability, 201 

General bias circuit, 74, 79 
General bias equation, 74, 77 
Generator resistance, 175 


H 


h-parameters, 38 
High-frequency behavior, 22 
High-frequency circuit, 140 
High-frequency performance, 113 
Hybrid parameters, 38 

conversion to tee parameters, 43 


conversion to hybrid-7 parameters, 64 


Hybrid-7: 
calculations, 115 
capacitances, 114 
circuit, 114 
conversion formulae, 64 
equivalent circuit, 62 
parameters, 114 
measurement, 116 


Impedance matching, 138 
Impedance variation, 108 
Impedance variation with R,, 101 
Impedance variation with Rz, , 101 
Incremental output impedance, 33 
Input impedance, 97, 121 
Instability, 187 

Integrator, 202 

Intermediate frequency range, 136 
Interstage, coupling circuit, 130 
Intrinsic resistivity, 3 


J 


Junction temperature, 85 
Junction transistor, 13 


K 
Kernel, 2 


L 


Large-signal operation, 30 
Leakage, 67, 68, 90 

current, 67 

equivalent circuit representation, 68 
Load line, 27, 143 
Load line curvature, 179 
Load line of input circuit, 28 
Logarithmic plotting, 131, 137, 140 
Low-frequency response, 124 
Low-level transistor characteristics, 72 


M 


Majority carriers, 4 

Miller effect, 118 

Minority carriers, 4 
Multiplication effect, 161 
Multi-stage amplifier, 121, 197 
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N 


Negative feedback, 187 
Nonlinearity: 
nonlinear behavior, 20 
nonlinear operation, 30 
nonlinear region, 30 
Nyquist criterion, 196 
Nyquist plot, 198 
Nyquist point, 196 


{e) 


Open-loop, 186, 196 
Operating limits, 160 
Operating point, 26, 67 
drift, 67, 69 
Operational amplifier, 200 
Output admittance, 39 
Output impedance, 97 
Output transformer, 141 


P 


p-n junction, 5 
Parameter definition, 39 
Positive feedback, 187 
Potential barrier, 5 
Power amplifier, 160 
Power amplifier design equations, 171 
Power dissipation, 95 
Push-pull amplifier, 178 
design formulae, 182 
equivalent circuit, 180 


Q 


Quiescent point, 26 


R 


Recombination, 3 
Rectifier, 5 
circuit, graphical analysis, 11 
equation, 7 
power dissipation, 11 
static equivalent circuit, 16 


' Reverse leakage, 7, 10 


Reverse voltage ratio, 39, 46 


Ss 
Saturation, 36, 73 
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Saturation region, 160 
Saturation resistance, 162 
Self-heating, 85 
Semiconductor crystal, 2 
Single-stage amplifier, 97 
Small-signal: 

amplifier, 97 

operation, 30, 38 
Stability, 196 
Stability factors, 73-76, 81 
Stability margin, 198 
Static characteristics, 24 
Summing circuit, 200 
Surface leakage, 10 
Switched operation, 35 
Switching circuit, 93 


T 


Tee-equivalent circuit, 46 
Temperature effects, 68, 162, 168 
Thermal resistance, 162 
Thermal runaway, 18, 89 
Thevenin’s theorem, 71, 129 
Three-stage amplifier, 148 
Transconductance, 166 
Transformer-coupled amplifier, 141, 165 
Transformer coupling, 138 

equivalent circuit, 138 

frequency response, 140 
Transistor: 

basic circuits, 17 

bias, 13 

breakdown, 19 

current gain a, 13 

current gain B, 14 

description, 12 

junction transistor, 12 

parameters, 25 
Two-stage amplifier, 125, 129, 133 
Two-transistor circuit, 34 


U 


Universal curve, 126 


v 


Voltage feedback, 190 
Voltage gain, 33 


SIMON and SCHUSTER 
TECH OUTLINES 


COMPLEX VARIABLES 

by Arthur Hauser, Jr. 

including 760 solved problems 
$4.25 #18901 


ENGINEERING MECHANICS 
by Lane K. Branson 

including 1095 solved problems 
$4.50 #18902 


FEEDBACK AND CONTROL SYSTEMS 
by Sidney A. Davis 

including 355 solved problems 

$3.95 #18903 


VECTOR ANALYSIS 
by Hwei P. Hsu 


FOURIER ANALYSIS 

by Hwei P. Hsu 

including 335 solved problems 
$4.25 #18904 


PULSE CIRCUITS 

by C. H. Houpis and J. Lubelfeld 
including 310 solved problems 
$3.95 #18905 


TRANSISTOR CIRCUIT ANALYSIS 


by Alfred D. Gronner 
including 235 solved problems 
$4.25 #18906 


including 580 solved problems 


$3.95 


#18907 


IN PREPARATION 


PROBABILITY, STATISTICS, AND 
STOCHASTIC PROCESSES 
by Louis Maisel 


ENGINEERING THERMODYNAMICS 
by Harwood Mullikin 


LOGIC DESIGN FOR DIGITAL COMPUTERS 
by Frank Flanagan and Henry S. Sacks 


ELECTRONIC CIRCUIT ANALYSIS 
by Andrew Cohen 


FLUID MECHANICS 
by Lloyd Polentz ' 


DIFFERENTIAL EQUATIONS 
by Edward Norman 


GENERAL TOPOLOGY 
by Paul Slepian 


ENGINEERING MATHEMATICS 
by Bernard G. Grunebaum 


SET THEORY 
by Paul Slepian 


UNIVERSITY PHYSICS 
by Solomon Liverhant and 
Lane K. Branson 


